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A METHOD FOR COMPUTING LUMINOUS EFFICIENCIES 

FROM METEOR DATA 

By Barret t  S .  Baldwin, Jr., and H. Jul ian Allen 

Ames Research Center 

SUMMARY 

The d e t a i l s  of a model f o r  t he  ab la t ion  of a stone meteoroid passing 
through t h e  atmosphere a r e  presented. The model allows f o r  a decrease i n  
mean dens i ty  due t o  f ro th ing ,  which r e s u l t s  from t h e  in tense  heating a t  low 
atmospheric pressures .  The model i s  appl ied t o  a n  analysis of meteor da ta  t o  
evaluate  the  luminous e f f i c i ency  f a c t o r .  The present  resu l t s  are a r e f ine -  
ment of a previously published ana lys i s  s ince new information on t h e  proper- 
t i e s  of meteor i t ic  materials has been u t i l i z e d .  A method has a l s o  been found 
f o r  tak ing  i n t o  account a delay i n  l i g h t  production r e su l t i ng  from t h e  time 
required t o  vaporize chunks of f r o t h  i n  the  meteor wake. 

The introduct ion of a f ro th ing  ab la t ion  model i n  an ana lys i s  of super- 
Schmidt meteor da ta  allows a n  in t e rp re t a t ion  i n  t e r m s  of o r ig ina l ly  so l id  
meteoroids f o r  meteors previously thought t o  have been produced by f r a g i l e  
low-density meteoroids. A t  t h e  same time , t h e  computed luminous e f f i c i ency  
f ac to r ,  T ~ ~ ,  i s  found t o  vary subs t an t i a l ly  w i t h  ve loc i ty .  Above 35 km/sec 
t h e  value of T~~ i s  c lose t o  t h a t  recommended by Verniani. A s  t he  ve loc i ty  
i s  reduced below 25 km/sec -rap increases  t o  a level  about s i x  t imes g r e a t e r .  

INTRODUCTION 

The fragmentation concept w a s  or iginated i n  1955 by Jacchia ( r e f .  1) as 
a n  explanation of t h e  decelerat ion anomaly of f a i n t  meteors. The idea w a s  
supported by Whipple' s earlier conclusion that cometary meteoroids w e r e  prob- 
ab ly  porous and f r a g i l e  (see r e f .  2 ) .  
a t tempts  have been made t o  p red ic t  the  behavior of such objec ts  i n  the  
atmosphere, f o r  example, 8p ik ' s  dust  b a l l  theory ( r e f .  3 ) .  

This v i e w  w a s  widely accepted and 

An  a l t e r n a t i v e  explanation of t h e  observed anomalous decelerat ions and 
low dens i t i e s  w a s  presented i n  reference 4. 
r e s u l t s  of ground-based a r c - j e t  t e s t s  where it w a s  shown t h a t  many materials, 
including those found i n  meteori tes ,  develop low-density f r o t h s  under condi- 
t i o n s  of high heat ing rates and low pressures .  Frothing can r e s u l t  e i t h e r  
from bo i l ing  of t h e  melted mater ia l  or expansion of v o l a t i l e  components con- 
ta ined  i n  t h e  m e l t .  It can be concluded from these  tes t s  t h a t  a sample from 
an  ordinary stone meteori te  weighing one gram or l ess ,  i f  impelled i n t o  t h e  
upper atmosphere a t  meteoric ve loc i ty ,  would develop a s h e l l  of low-density 
f r o t h .  The mean dens i ty  would thereby be lowered and could decrease during 
t h e  t r a j e c t o r y ,  leading t o  a n  anomalously l a rge  decelerat ion.  Although t h i s  

The explanation i s  based on 



f ind ing  does not preclude t h e  p o s s i b i l i t y  that low-density porous meteoroids 
e x i s t  i n  space, it weakens some of t h e  arguments t h a t  o r i g i n a l l y  l e d  t o  t h a t  
hypothesis. 

The view that a majority of meteoroids may be s o l i d  r a t h e r  than porous, 
suggested i n  reference 4, w a s  based i n  p a r t  on a mathematical model f o r  t h e  
behavior of such meteoroids during ab la t ion .  The model w a s  applied t o  an 
ana lys i s  of super-Schmidt meteor da ta  t o  determine values of t h e  luminous 
e f f i c i ency  f ac to r  -ro? - and t h e  mean meteoroid dens i ty  &. Previous meteor 
analyses that do not include a model f o r  t h e  a b l a t i o n  process can only p r e d i c t  
the  value of t h e  r a t i o  ~ ~ ~ / d *  The l e v e l  of T~~ computed from da ta  con- 
t a ined  i n  reference 5 compared favorably with previous es t imates .  However, i n  
con t r a s t  t o  t h e  p reva i l i ng  assumption (see ,  e.g;., r e f s .  5 t o  8) t h e  luminous 
e f f i c i ency  f a c t o r  w a s  found t o  increase with decreasing ve loc i ty  r a t h e r  than  
remaining constant over t h e  e n t i r e  range of meteor v e l o c i t i e s .  The predic ted  

i s  ve loc i ty  dependence of t h e  meteoroid f l u x  i n  space i s  modified if  
va r i ab le  r a t h e r  than cons tan t .  
modification leads  t o  a b e t t e r  agreement with v e l o c i t i e s  pred ic ted  from 
overlapping radar da ta .  

rOP It w a s  shown i n  reference 4 t h a t  t h e  r e s u l t i n g  

The present  r epor t  explains t h e  d e t a i l s  of t h e  mathematical model used 
f o r  analyzing meteor da t a  i n  reference 4. 
including labora tory  measurements of t h e  p rope r t i e s  of meteor i t ic  ma te r i a l s .  
A method has a l s o  been found f o r  taking i n t o  account a delay i n  l i g h t  produc- 
t i o n  when f r o t h  i s  sloughed off i n  r e l a t i v e l y  l a rge  p i eces .  It i s  shown t h a t  
t h i s  delay i s  p a r t i a l l y  responsible f o r  apparent increases of luminous e f f i -  
ciency along a t r a j e c t o r y  . The evidence i n  support of t he  f ro th ing-  sloughing 
ab la t ion  model i s  thereby strengthened. 

It also improves the  model by 

SYMBOLS 

A 

A f 

A r n  

A r  s 

AS 

B 

C 

CD 

CF 

meteoroid f r o n t a l  a r e a  

f r o t h  p a r t i c l e  f r o n t a l  a r ea  

geometric parameter i n  ab la t ion  model (eq.  (A10)  ) 

geometric parameter i n  ab la t ion  model (eq. ( A 2 ) )  

f r o n t a l  area of s o l i d  inner core 

f r a c t i o n  of mass abla ted  as f r o t h  (eq .  (19)) 

hea t - t r ans fe r  parameter (eq.  ( C 3 ) )  

drag coe f f i c i en t  

sk in - f r i c t ion  coe f f i c i en t  
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uncorrected sk in - f r i c t ion  coe f f i c i en t  

aerodynamic hea t - t ransfer  coe f f i c i en t  

convective hea t - t ransfer  coe f f i c i en t  

equilibrium r a d i a t i v e  heat - t ransf  e r  coe f f i c i en t  

nonequilibrium r a d i a t i v e  hea t - t ransfer  coe f f i c i en t  

uncorrected hea t - t r ans fe r  coe f f i c i en t  

parameter i n  v i scos i ty  l a w  (eq.  (B11)) 

parameters i n  vapor pressure l a w  (eq.  (~11)) 

cosine of angle between meteor pa th  and the  v e r t i c a l  

f a c t o r  (eq .  (D8)) 

correc t ion  f ac to r  t o  account f o r  nonlinear ve loc i ty  p r o f i l e  

f a c t o r s  t o  allow f o r  non l inea r i t i e s  and nonuniformities i n  t h e  
viscous flow of t he  melt 

instantaneous meteor a l t i t i d e  

photographic luminous i n t e n s i t y  

parameter i n  v i scos i ty  l a w  (eq .  (B11)) 

thermal conductivity 

length of c y l i n d r i c a l  f r o t h  s h e l l  ( f i g .  18) 

length of c y l i n d r i c a l  s o l i d  core ( f i g .  18) 

molecular weight of vapor 

meteoroid mass 

r a t e  of a b l a t i o n  of meteoroid mass with time 

OP 1 
meteoroid mass based on T 

mass of f r o t h  p a r t i c l e  i n  wake 

mass of l i q u i d  drop i n  wake 

m a s s  of s o l i d  inner core 

3 



mS 

PV hea t - t r ans fe r  parameter (eq.  ( C 3 ) )  

pv,pv(T) equilibrium vapor pressure 

Q meteoroid t o t a l  volume 

rate of melting of s o l i d  core with time 

volume of s o l i d  inner core QS 

R r a t i o  (eq.  (12) )  

r rad ius  of meteoroid f r o n t a l  a rea  

rad ius  of f r o t h  p a r t i c l e  i n  wake 

rad ius  of l i q u i d  drop i n  wake 

nose r ad ius  

r ad ius  of f r o n t a l  a r ea  of s o l i d  core 

shape f a c t o r  (eq .  ( 4 ) )  

rf 

'2 

rn 

r S  

SF 

sFh 
shape f a c t o r  of hemisphere, (y)='3 

T meteoroid surface temperature a t  stagnation po in t  

temperature of fusion T f  

t time 

U t angen t i a l  ve loc i ty  of melt 

t angen t i a l  surface ve loc i ty  of melt a t  con t ro l  surface 

met e or oid ve loc  i t y  

uC 

V 

0 meteoroid acce le ra t ion  

3; r a t e  of recess ion  of so l id  surface a t  stagnation po in t  

a heat - t ransfer  parameter (eq.  ( C 3 ) )  

OL l a g  distance of f r o t h  i n  meteoroid wake (eq.  ( 2 2 ) )  

thickness of melted l aye r  a t  con t ro l  surface 6, 

E surface emiss iv i ty  

c spec i f i c  hea t  of ab la t ion  

4 



(f 

(V 

e 

ef 

82 

P 

Pf 

P 

P 
- 

spec i f i c  heat of fus ion  ( l a t e n t  p l u s  s tored)  

spec i f i c  heat of vaporizat ion ( l a t e n t  p l u s  s tored)  

i n t e n s i t y  l a g  t i m e  

time t o  a b l a t e  f r o t h  p a r t i c l e  t o  nothing i n  wake 

t i m e  t o  vaporize l i q u i d  drop 

v i scos i ty  of s o l i d  

v i scos i ty  of f r o t h  

air dens i ty  

r a t i o  of a i r  dens i ty  t o  sea- level  a i r  dens i ty  

sea- leve l  a i r  dens i ty  

dens i ty  r a t i o  across  normal shock 

meteoroid mean densi ty  

r a t e  of change w i t h  time of meteoroid mean densi ty  

f r o t h  densi ty  

so l id  dens i ty  

Stefan-Bolt zmann constant 

hea t - t ransfer  parameter (eq.  (C3)) 

luminous e f f i c i ency  f a c t o r  (zero  mag-cgs) 

assigned constant luminous e f f ic iency  f ac to r  (6.46~10-~~ zero mag-cgs) 

corrected luminous e f f i c i ency  f a c t o r  

luminous e f f ic iency  (dimensionless) 

surface tens ion  

rate of vaporizat ion pe r  u n i t  area 

t o t a l  rate of ab la t ion  per  u n i t  area due t o  evaporation and explosive 
spa l l i ng  

rate of vaporizat ion per  u n i t  area i n  a viscous boundary layer  

5 



%M 

wS 

f 

i 

J 

--co 

rate of vaporizat ion pe r  u n i t  area i n  a vacuum 

rate of mel t ing of s o l i d  core mass p e r  u n i t  area and time (eq. ( A 1 4 ) )  

Sub s c r i p t s  

f i na l  po in t  on t r a j e c t o r y  ( a l s o  f r o t h )  

in teger  denoting a po in t  on a meteor t r a j e c t o r y  

in teger  represent ing t h e  number of i t e r a t i o n s  

p r i o r  t o  en t ry  i n t o  t h e  atmosphere 

ANALYSIS 

I n  t h i s  sec t ion  a set  of r e l a t i o n s  w i l l  be exhibi ted that can be used t o  
der ive values of t h e  luminous e f f i c i ency  f ac to r  T from meteor data .  These 
r e l a t i o n s  are, i n  p a r t ,  based on an  ab la t ion  model which takes  i n t o  account 
t h e  production and viscous flow of f r o t h  i n  t h e  heated region a t  the  f r o n t  of 
a meteoroid. 

OP 

Basic Meteor Equations 

I n  reference 5 ,  meteor da ta ,  reduced from photographic da ta  by the  
methods described i n  references 9 and 10, a r e  presented as values a t  several 
po in t s  on t h e  t r a j e c t o r i e s  of each meteor of the following quan t i t i e s :  

h a l t i t u d e  

ml mass 

V veloc i ty  

ir acce lera t ion  

An ident i fy ing  t r a i l  number and a value of 
between the  meteor t r a j e c t o r y  and the  v e r t i c a l ,  are given f o r  each meteor. 
Much add i t iona l  information, not of d i r e c t  concern here, i s  included. The 
values of mass ml are based on a n  assumed constant value of t h e  luminous 
e f f i c i ency  f a c t o r  

cos ZR, t h e  cosine of t h e  angle 

6 



1 = 6.46~1O-~ (zero mag-cgs) 
OPl 

7 

and a f i n a l  mass equal t o  zero. 

The luminosity and dynamic equations used i n  reference 5 a r e  

and 

A t  
i n  
i n  
i s  

1 (luminosity equation) 1 dm 5 = - 3 ToPv3 

A 9 = - CD pV2 (dynamic equation) 2 

t h e  ou t se t ,  we shall take  t h e  masses i n  these two r e l a t i o n s  t o  be equal as 
references 2 t o  8. 
t h e  time required for l i g h t  t o  be produced from f r o t h  p a r t i c l e s  i n  t h e  wake 
inves t iga ted  and found t o  have mer i t .  

However, an a l t e r n a t i v e  assumption allowing f o r  a l a g  

The values of mass m, i n  reference 5 are based on t h e  assumed luminous 
e f f i c i ency  f a c t o r  -roPl and i n  accord with an  i n t e g r a l  of equation (1). The 
values of mass can be converted t o  correspond t o  a d i f f e r e n t  luminous e f f i -  
ciency f a c t o r  
r e  l a t  ion -rap by in t eg ra t ion  backward along t h e  t r a j e c t o r y  using the  

derived from equation (1). If T~~ i s  assumed t o  be constant between po in t s  
on the  t r a j e c t o r y ,  t h e  i n t e g r a l  i n  equation (3) can be replaced by a sum. 

A s  i n  references 4 and 7 we sha l l  assume that t h e  shape of the meteoroid 
remains s i m i l a r  as it a b l a t e s  during en t ry .  Then t h e  shape f a c t o r  w i l l  be a 
constant and i s  expressed as 

sF = A / Q ~ J ~  (4) 

where Q i s  t h e  meteoroid volume given by 

1 The u n i t s  used i n  t h i s  r epor t  f o r  a l l  equations except t he  luminosity 
equation (1) a r e  MKS. I n  t h e  discussions,  other u n i t s ,  such as grams and 
kilometers pe r  second, may be spec i f ied .  The u n i t s  i n  the  luminosity equa- 
t i o n  a r e  those of reference 5 .  The photographic i n t e n s i t y  Ip i s  expressed 
i n  u n i t s  of the i n t e n s i t y  of a zero magnitude star. The u n i t  of t h e  luminous 
e f f i c i ency  f a c t o r  -rap i s  zero magnitude ~ e c ~ g r a m - l c m - ~ ,  abbreviated as 
zero mag-cgs. For use i n  o ther  equations, t h e  mass determined from equa- 
t i o n  (1) i s  mul t ip l ied  by t o  convert t o  MKS u n i t s .  Methods f o r  express- 
ing  t h e  luminous e f f i c i ency  i n  other forms tha t  appear i n  t h e  l i t e r a t u r e  a r e  
considered i n  a l a t e r  section. 

7 



i n  terms of t h e  mass m and t h e  meteoroid mean dens i ty  pm. From equations 
( 2 ) ,  (4), and ( 5 )  t h e  mean dens i ty  of t h e  meteoroid can be expressed as 

s$7CDpv2 3’2 - 
- $i (- 20 ) 

I n  t h i s  r epor t ,  values of t h e  a i r  dens i ty  
given i n  the  da ta  of reference 5 w i l l  be taken from reference 11. 
oid f r o n t  face  w i l l  be assumed t o  be a segment of a sphere and the  drag 
coe f f i c i en t  CD evaluated according t o  reference 12.  

p corresponding t o  t h e  a l t i t u d e s  
The meteor- 

It can be seen t h a t  app l i ca t ion  of equations (3)  and (6) t o  the  reduced 
meteor da ta  of reference 5 l eads  t o  eva lua t ion  o f - t h e  r a t i o  
po in t  on t h e  t r a j e c t o r i e s  where values of h ,  V, V, and ml a r e  given. Fur- 
thermore, i f  values f o r  t h e  shape f a c t o r  SF and meteoroid dens i ty  a r e  
assumed as i n  reference 6, t h e  luminous e f f i c i ency  f a c t o r  
a t ed .  Al te rna t ive ly ,  an add i t iona l  r e l a t i o n  involving these  q u a n t i t i e s  can be 
a r r ived  a t  by cons idera t ion  of t he  a b l a t i o n  process occurring during atmo- 
spheric f l i g h t  as i n  references 7 and 13. 
t h i s  purpose i n  t h e  present  r epor t  d i f f e r s  from those previously employed i n  
t h a t  it takes  i n t o  account t h e  f ro th ing  and sloughing of meteor i t ic  mater ia l s  
as observed i n  a r c - j e t  t e s t s .  
da ta  from reference 5 l eads  t o  evaluation of ind iv idua l ly  as we l l  
as the  r a t i o  -rOp/& r e s u l t i n g  from previous analyses.  For t h a t  purpose it 
remains necessary t o  assume a value f o r  t h e  shape f a c t o r  SF, but  the  e f f e c t  
on t h e  r e s u l t s  of va r i a t ions  i n  t h i s  quant i ty  i s  inves t iga ted .  

S$op/pg a t  each 

-rap can be evalu- 

The a b l a t i o n  model developed f o r  

Application of t h i s  model t o  reduced meteor 
T~~ and 

Figure 1.- Sketch of the  cyl inder  ( s o l i d )  
hemisphere ( f r o t h )  assumed i n  the  meteoroid 
ab la t ion  model. 

Ablation Model 

The a r c - j e t  t e s t s  on which our 
model i s  based a r e  described i n  r e f -  
erences 4 and 14. 
t r a t e s  t h e  processes observed i n  t h e  
t e s t s ,  which we assume a l s o  occur i n  
meteor f l i g h t .  The s o l i d  stone core 
melts a t  the  f r o n t  face and runs t o  
t h e  s ide  with only a small amount of 
vaporization. Upon reaching a 
region of low enough pressure,  t h e  
melted stone f r o t h s .  The f ro th ing  
can be caused by v o l a t i l e  components 
i n  t h e  melt, o r ,  i n  t h e  absence of 
such components, by bo i l ing .  Af te r  

Figure 1 i l l u s -  

reaching t h e  s ides ,  where the  heating f r o m t h e  a i r  i s  l e s s  severe, t h e  f r o t h  
s o l i d i f i e s .  Chunks of f r o t h  in t e rmi t t en t ly  break off and, i n  t h e  case of a 
meteor, a r e  assumed t o  undergo f u r t h e r  a b l a t i o n  and eventually vaporize i n  the  
wake. I n  a p a r t  of t h e  range of t e s t  conditions covered, t h e  f r o t h  r an  off 
t h e  model i n  t h e  l i q u i d  form ra the r  than so l id i fy ing .  This occurred a t  condi- 
t i o n s  corresponding t o  t h e  l a t e r  p a r t s  of slow meteor t r a j e c t o r i e s .  

8 
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Since t h e  t e s t s  were run under conditions tha t  did not correspond com- 
p l e t e l y  t o  meteor f l i g h t ,  a discussion of the differences i s  i n  order.  The 
heating loads and impact pressures  of t he  t e s t s  corresponded t o  slow 
(15 km/sec) meteors a t  a l t i t u d e s  from 70 t o  100 km. The e f f ec t ive  a l t i t u d e  
w a s  held constant i n  each t e s t ,  and acce lera t ion  e f f e c t s  were not simulated. 
Models made of mater ia l  taken from stone and i ron  meteorites were t e s t e d  and 
found t o  r eac t  i n  the  same manner as similar t e r r e s t r i a l m a t e r i a l s .  The 
models were o r ig ina l ly  round-nosed cyl inders  with a radius  of 1 cm, weighing 
about 30 grams. T e s t s  as long as 115 seconds were required a t  t h e  higher 
e f f ec t ive  a l t i t u d e s  t o  achieve the  conversion of an appreciable f r a c t i o n  of 
t he  mater ia l  t o  f r o t h .  It i s  important t o  note t h a t  f ro th ing  i s  a surface 
phenomenon r a the r  than one t h a t  occurs throughout the  volume of t he  so l id  mate- 
r ia l .  Therefore, f ro th ing  of t h e  same f r a c t i o n  of mass w i l l  occur i n  a 
shorter  time i n  a smaller object .  For example, if the  time required for melt- 
ing a given f r a c t i o n  of t h e  mass i s  taken t o  be proport ional  t o  the  r a t i o  of 
volume t o  surface a rea ,  t h e  same degree of melting would occur i n  a 1 gram 
m a s s  i n  one-third t h e  time required f o r  a 27-gram mass. Therefore, t he  f r ac -  
t i o n  of a 30-gram model converted t o  f r o t h  i n  1-15 seconds a t  an a l t i t u d e  of 
98 km would correspond t o  a t e s t  time of about 36 seconds f o r  a 1-gram mass a t  
the  same a l t i t u d e .  Since t h e  heat load i s  approximately proport ional  t o  a i r  
densi ty ,  the  same degree of f ro th ing  would be expected i n  3.6 seconds i n  a 
1-gram mass at  an a l t i t u d e  of 86 Ism where the  air densi ty  i s  about 10 times 
grea te r  than a t  98 km. 
meteoroids i n  t he  mass range below 1 gram w i l l  undergo a degree of f ro th ing  
comparable t o  that observed i n  the  t e s t s .  

T h i s  forms a p a r t  of the  b a s i s  of our assumption that  

The e f f ec t ive  ve loc i ty  of t h e  t es t s  (about 15 km/sec) corresponds t o  the  
ve loc i ty  of slow meteors. Since the  heating i s  approximately proport ional  t o  
the  cube of ve loc i ty ,  an increase i n  ve loc i ty  by a f ac to r  of 3 would decrease 
t h e  time required f o r  melting a t  a given a l t i t u d e  by about a f ac to r  of 27. 
Therefore, a f a s t  meteor below 1 gram i n  mass receives  su f f i c i en t  heat t o  
f r o t h  a t  a l t i t u d e s  above 98 km. 
observed i n  t he  t e s t s  would occur a t  ve loc i t i e s  above those reached. For 
example, vaporization might take place rapidly enough t o  prevent t he  degree of 
f r o t h  build-up observed i n  t h e  t e s t s .  We do not have d i r e c t  evidence t o  r u l e  
out t h i s  p o s s i b i l i t y .  However, t h e  ca lcu la t ions  t o  be discussed l a t e r  i n  t h i s  
repor t  indicate  that f o r  a l l  of t he  meteors analyzed most of t h e  so l id  mate- 
r i a l  a t  the  f ron t  face i s  removed by viscous flow of t he  melted mater ia l ,  
r a the r  than by vaporization. O u r  conclusion f r o m  t h i s  i s  tha t  the  eventual 
vaporization of meteoroids of t h i s  s i z e  takes  place la rge ly  i n  the  wake ra ther  
than on the  parent  meteoroid. 
f inding t h a t ,  a t  t h e  temperatures involved, t he  v iscos i ty  of meteori t ic  stone 
(and similar t e r r e s t r i a l  materials) i s  several  orders of magnitude lower than 
t h a t  of a g la s s  with high s i l i c a t e  content.  

It i s  possible  tha t  other e f f e c t s  not 

An important l i n k  i n  t h i s  reasoning i s  t h e  

The major assumptions u t i l i z e d  i n  the  ab la t ion  model are as follows: 

1. The meteoroid f r o n t  face ,  comprised p a r t l y  of f r o t h  and p a r t l y  of a 
t h i n  layer  of melted mater ia l  covering t h e  so l id  core,  remains shaped as the  
surface of a segment of a sphere with the  rad ius  of t he  f r o n t a l  area r a 
constant f r a c t i o n  of t h e  nose radius  rn during ab la t ion .  
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2. The r a t i o  of s o l i d  volume t o  t o t a l  volume Qs/Q i s  propor t iona l  t o  
t h e  cube of t h e  r a t i o  of t h e  f r o n t a l  area r a d i i  rs/r (see  f i g .  1). 

3. During a b l a t i o n  t h e  sphe r i ca l  f r o n t  f ace  of t h e  s o l i d  remains cen- 
t e r e d  i n  t h e  f r o t h  and the  e n t i r e  f r o n t  f ace  remains or ien ted  with respec t  t o  
t h e  airstream as shown i n  f igu re  1. 

4. Ablation of t h e  s o l i d  ma te r i a l  t akes  p lace  by vaporization and v i s -  
cous flow wi th  negl ig ib le  e f f e c t s  from surface undulations such as r ing  waves 
( r e f .  15). The s o l i d  core does not fragment. 

5 .  The s o l i d  core i s  composed of a me teo r i t i c  ma te r i a l  f o r  which t h e  
p rope r t i e s  such as thermal heat conductivity,  v i scos i ty ,  e t c . ,  are known. 

The o r i g i n  and implications of t h e  assumptions a r e  discussed i n  appen- 
d ix  A. The viscous flow of melted ma te r i a l  r e s u l t i n g  from the  impinging air-  
stream i s  analyzed only f o r  t h e  t h i n  layer  covering t h e  f r o n t  of t he  s o l i d  
core. The a b l a t i o n  model based on t h e  foregoing assumptions i s  thus  i n  a 
sense incomplete i n  that no attempt i s  made t o  p r e d i c t  t he  degree of f r o t h  
build-up or t o  follow t h e  mode of a b l a t i o n  of t h e  f r o t h  (whether by vaporiza- 
t i o n ,  viscous flow, or fragmentation). Ins tead ,  t h e  degree of f r o t h  accumula- 
t i o n  i s  deduced from t h e  meteor da ta  wi th  the  a i d  of t h e  foregoing assumptions 
p l u s  those imp l i c i t  i n  t h e  bas i c  meteor equations. The geometric assumptions 
a r e  made i n  l i e u  of an  attempt t o  guess t h e  o r i g i n a l  shape and p r e d i c t  
evolutions of shape from a de ta i l ed  study of t h e  a b l a t i o n  processes occurring. 

An expression for t h e  r a t e  of melting of s o l i d  core mass per  u n i t  a r ea  
and time i s  derived i n  appendix A i n  t h e  form 

1 

where 

A,, geometric parameter that determines the  rad ius  of t he  so l id  f r o n t a l  a r ea  
r e l a t i v e  t o  t h e  rad ius  of t h e  t o t a l  f r o n t a l  a r ea  

SF shape f a c t o r  

m meteoroid mass 

pm mean meteoroid density 

density of f r o t h  

pms dens i ty  of s o l i d  core 

The r a t e  of melting of s o l i d  mass per u n i t  area i s  r e l a t e d  t o  the  values 
and der iva t ives  of t h e  meteoroid mass and mean dens i ty  by t h i s  equation when 
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\ 
Control surface 

Cont ro1 surface' 

Figure 2.- Coordinate system f o r  the  viscous 
flow of the m e l t  i n  the t h i n  layer  a t  t h e  
f ront  of the  solid core. 

t h e  parameters Ars, SF, bs, and 
4nf are assigned. The values of 
the  parameters used f o r  most of t h e  
ca l cu la t ions  are l i s t e d  i n  t a b l e  I, 
but t he  e f f e c t s  on t h e  results of 
reassignment of t he  values w i l l  be 
considered. 

I n  appendix B, equations are 
derived tha t  express the conserva- 
t i o n  of mass, momentum, and energy 
f o r  t h e  viscous flow of t h e  t h i n  
layer  of melted ma te r i a l  a t  the  
f r o n t  of t h e  so l id  core .  Figure 2 
ind ica tes  that p a r t  of t h e  meteoroid 
under consideration. The r e l a t i o n s  
derived i n  appendix B a r e  combined 
t o  form t h e  equation 

Arn S1i2 F (&-)1'3(ws - G )  (er $ ( T  - Tf)zG(T)  = 

thermal conductivity of melted meteoroid 

spec i f i c  hea t  of fus ion  p lus  sens ib le  hea t  

dens i ty  of s o l i d  meteoroid core 

v i scos i ty  of melted meteoroid 

stagnation-point surface temperature 

temperature of fus ion  of meteoroid 

co r rec t ion  f a c t o r  f o r  nonlinear ve loc i ty  p r o f i l e  (appendix B) 

r a t i o  of nose r ad ius  t o  rad ius  of f r o n t a l  a r ea  

shape f ac to r  

meteoroid mass 

meteoroid mean dens i ty  

r a t e  of melting of t h e  meteoroid so l id  core pe r  u n i t  a r ea  and time 
(eq. ( 7 ) )  

(eq. ( ~ 1 2 ) )  
rate of evaporation of s o l i d  core ma te r i a l  pe r  u n i t  a r e a  and time 



CF t a n g e n t i a l  surface force  coe f f i c i en t  

p air density 

V meteor ve loc i ty  

The ma te r i a l  property l a w s  assumed and t h e  aerodynamic l a w s  u t i l i z e d  are d i s -  
cussed i n  appendixes B and c. 
material p rope r t i e s  appropriate f o r  carbonaceous chondrites.  However, t h e  
e f f e c t  on t h e  r e s u l t s  of va r i a t ions  i n  p rope r t i e s  i s  inves t iga ted .  

Most of t h e  r e s u l t s  i n  t h i s  r epor t  a r e  based on 

If t h e  q u a n t i t i e s  appearing i n  t h e  a u x i l i a r y  r e l a t i o n s  a r e  considered 
evaluated, s u b s t i t u t i n g  equation (7) i n t o  ( 8 )  would lead  to a complicated 
expression which can be indicated symbolically as 

F ( n i , m , & , h ;  h,V,c) = 0 (9) 

This ab la t ion  equation provides an  add i t iona l  r e l a t i o n  between the  q u a n t i t i e s  
appearing i n  t h e  basiG meteor equations.  It can be seen t h a t  i n s e r t i o n  of 
values of from reduced meteor da ta  i n t o  equation (6), a form of 
t h e  dynamic equation, and the  ab la t ion  equation (9) l eads  t o  evaluation of m 
and pm along t h e  meteor t r a j e c t o r y .  T h a t  information p l u s  t h e  values of ml 
from t h e  reduced meteor da ta  can be used i n  equation ( 3 ) ,  a form of t h e  
luminosity equation, t o  determine t h e  luminous e f f i c i ency  f a c t o r  . A s  a 
r e s u l t  of t h i s  procedure, values of both T~~ and pm a r e  obtainedTy%nly t h e  
r a t i o  i s  found from t h e  use of t h e  luminosity and dynamic equations 
without an  a b l a t i o n  equation) . 

h,  V, and V 

~ ~ ~ / p g  

Method of Solution 

An i t e r a t i v e  procedure i s  used f o r  t h e  ca l cu la t ion  of values of T ~ P  and 
pm a t  each po in t  on t h e  t r a j e c t o r y  of a meteor where values of h, V, V, and 
ml  A computer program has been developed f o r  that 
purpose. The computations performed i n  each stage of t h e  i t e r a t i o n  a r e  
indicated i n  t h e  following numbered paragraphs. 

a r e  given i n  reference 5 .  

1. The mass m along t h e  t r a j e c t o r y  i s  assigned t h e  values from t h e  
previous i t e r a t i o n ,  and equation (6) i s  used t o  compute 
t r a j e c t o r y  p o i n t .  

a t  each 

The evaluation of ni i s  based on t h e  r e l a t i o n  

obtained with t h e  a i d  of t h e  t r a j e c t o r y  r e l a t i o n  

The logarithmic d i f f e r e n t i a t i o n  i s  employed because of t he  r e l a t i v e  constancy 
of d 2n(m)/dh compared t o  dm/dh along the  t r a j e c t o r y .  Similarly,  t h e  
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evalua t ion  of & i s  based on 

The der iva t ive  d Zn(m)/dh i s  approximated a t  midpoints between t r a j e c -  
t o r y  po in t s  by simple d i f fe rences  according t o  the r e l a t i o n  

where t h e  subscript  i denotes the  i t h  t r a j e c t o r y  po in t .  A l i n e a r  i n t e r -  
po la t ion  i s  used t o  compute de r iva t ives  a t  the  t r a j e c t o r y  po in t s ,  

The der iva t ive  d2n(pm)/dh i s  evaluated by t h e  same method. This method i s  
not applicable a t  t h e  f i rs t  and last  t r a j e c t o r y  po in t s ,  which a r e  therefore  
dropped from t h e  subsequent ca l cu la t ions .  For that reason, only meteors with 
data given f o r  a t  l e a s t  t h r e e  t r a j e c t o r y  po in t s  can be used i n  our machine 
program i n  i t s  present  form. 

2 .  The q u a n t i t i e s  m and & along t h e  t r a j e c t o r y  a r e  evaluated 
(eqs .  (10) and (11)) using t h e  numerical procedure described above. 

3. Values of us a r e  computed by means of equation ( 7 ) .  

4. The stagnation-point temperature T and t h e  q u a n t i t i e s  p ( T ) ,  G ( T ) ,  - 
w, and CF 
given i n  appendixes A ,  B,  and C.  

i n  equation (8) a r e  computed w i t h  the  a i d  of a u x i l i a r y  r e l a t i o n s  

The viscous flow equation (8) i s  redundant i n  terms of t he  q u a n t i t i e s  
computed i n  the  previous s t eps .  Therefore, it can be used t o  readjus t  t he  
values of mass t h a t  were assigned a t  the  beginning. For that purpose the  
r a t i o  of t he  two s ides  of equation (8) 

ArnS;’ ($--)I’ u Z ( w s  - 6) 
R =  

serves as an  ind ica tor  of t h e  needed change. By t r i a l  and e r r o r  it has been 
found that i f  R i s  not equal t o  1, as it should be,  readjus t ing  the  luminous 
e f f i c i ency  f a c t o r  according t o  t h e  r e l a t i o n  



w i l l  give a value of R c lose r  t o  1 i n  t h e  next i t e r a t i o n .  The subsc r ip t s  
j and j-1 refer t o  t h e  j t h  and ( j - 1 ) t h  i t e r a t i o n s ,  respec t ive ly .  

5.  The next s t e p  i n  t h e  ca l cu la t ion  i s  t h e  evaluation of R and T~ a t  
each po in t  of t h e  t r a j e c t o r y  (except t h e  f i rs t  and last po in t s )  using 
equations (12) and (13). 

6. Equation (3) can now be used i n  t h e  form 

t o  compute the  ad jus ted  values of mass along the  t r a j e c t o r y .  The subscr ip t  j 
r e f e r s  t o  the  s tage  of t h e  i t e r a t i o n  and t h e  subscr ip t  i t o  t h e  po in t  on t h e  
t r a j e c t o r y .  For t h e  f i n a l  po in t  on t h e  t r a j e c t o r y ,  t h e  r e l a t i o n  

i s  used, where t h e  subscr ip t  f -1  r e f e r s  t o  t h e  next t o  las t  p o i n t .  The 
luminous e f f i c i ency  f a c t o r  f o r  t h e  last  po in t  i s  not computed because of 
f a i l u r e  a t  t h a t  po in t  of t h e  method of numerical d i f f e r e n t i a t i o n  employed i n  
s tep  2 .  

A f t e r  completion of s tep  6, new values of mass along the  t r a j e c t o r y  a r e  
ava i l ab le  f o r  use i n  t h e  next i t e r a t i o n  s t a r t i n g  with s tep  1. For most of t h e  
reduced meteor da t a  from reference 5 t r e a t e d  i n  t h i s  r e p o r t ,  10 i t e r a t i o n s  
lead t o  values of R that d i f f e r  from 1 by l e s s  than 10 percent .  It has been 
found that the  r e s u l t i n g  values of 
independent of t h e  luminous e f f i c i ency  f a c t o r  assumed a t  the  beginning of t h e  
i t e r a t i o n  t o  provide s t a r t i n g  values of t he  mass. 

m, Q,-,, and T~~ along the  t r a j e c t o r y  are 

I n  t h e  discussion following equation (9), it w a s  s t a t e d  t h a t  values of 
mass m and mean meteoroid dens i ty  could be derived from t h e  meteor da ta  
with the  a i d  of t h e  dynamic and ab la t ion  equations without reference t o  t h e  
luminosity equation. That purpose can be accomplished i n  the  foregoing i t e r a -  
t i o n  procedure by merely declining t o  i d e n t i f y  t h e  quant i ty  computed i n  
equation (13) as t h e  luminous e f f ic iency  f a c t o r .  I n  that case,  equation (14) 
can be regarded as one of t h e  mathematical s t eps  i n  t h e  i t e r a t i o n  procedure 
r a the r  than ident i fy ing  it with t h e  luminosity equation. Therefore, i f  modi- 
f i c a t i o n s  of t h e  luminosity equation a r e  considered, it i s  not necessary t o  
change equation (14) or any p a r t  of t he  i t e r a t i o n  procedure. The values of 
m a s s  and meteoroid dens i ty  computed from t h e  i t e r a t i o n  a r e  thereby determined 
from t h e  dynamic and ab la t ion  equations a lone .  They can therefore  be used i n  
a modified form of t h e  luminosity equation t o  determine a luminous e f f i c i ency  
f a c t o r  -rope t h a t  i s  not equal t o  t h e  dummy var iab le  -rap used i n  t h e  i t e r a -  
t i o n .  We s h a l l  have occasion l a t e r  i n  t h i s  r epor t  t o  make use of t h i s  obser- 
vation i n  inves t iga t ing  t h e  e f f e c t s  of a l a g  i n  the  time required f o r  l i g h t  
production from f r o t h  p a r t i c l e s  i n  t h e  meteor wake. However, f i rs t  w e  s h a l l  
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consider 
equation. 
t i f i e d  as 

t h e  p red ic t ions  of t h e  model based on t h e  conventional luminosity 
I n  that case t h e  values of T computed i n  equation (13) are iden- 

t h e  luminous e f f i c i ency  f a c t o r 3 e f i n e d  by equation (1) or ( 3 ) .  

S t a t i s t i c a l  Procedure 

The i t e r a t i v e  procedure for analyzing meteor da ta  described i n  the  
previous sec t ion  can be used t o  compute q u a n t i t i e s  such as t h e  luminous e f f i -  
ciency f a c t o r ,  meteoroid density,  and mass along t h e  t r a j e c t o r i e s  of individ- 
ual meteors. 
applied t o  40 of t h e  meteors f o r  which da ta  a r e  given i n  reference 5 .  
t r a i l  numbers of t h e  40 meteors are l i s t e d  i n  t a b l e  11. Values of t he  l u m i -  
nous e f f i c i ency  f a c t o r  so obtained vary by more than  an  order of magnitude. 
A s  discussed i n  re ferences  5 and 6, t h e r e  a r e  a number of sources of random 
e r r o r  t h a t  render t h e  da ta  of ind iv idua l  meteors un re l i ab le .  Consequently, 
t h e  authors of those re ferences  recommend t h e  use of s t a t i s t i c a l  methods t o  
analyze t h e  da ta  of a number of meteors simultaneously. 

t i o n  are ca r r i ed  out f o r  ind iv idua l  meteors and subsequently s t a t i s t i c a l  ana l -  
yses  are made of t h e  r e s u l t i n g  values of q u a n t i t i e s  such as the  luminous 
e f f i c i ency  f a c t o r .  O u r  machine program w a s  expanded t o  include such processes.  
Tables a r e  formed of t h e  computed and input q u a n t i t i e s  f o r  a l l  of t h e  meteors 
i n  the  sample. The t a b l e s  a r e  rearranged i n  t h e  order of increasing ve loc i ty .  
A l e a s t  squares f i t  t o  a s t r a i g h t  l i n e  i s  then made of t he  logarithm of t h e  
luminous e f f i c i ency  f a c t o r  as a function of ve loc i ty  and the  root-mean-square 
deviation computed. This operation i s  ca r r i ed  out i n  subin terva ls  of t h e  
t o t a l  ve loc i ty  range since t h e  r e su l t i ng  ve loc i ty  dependence i s  not l i n e a r  
over t h e  e n t i r e  range. Figure 3 i s  an  example of t h e  r e s u l t s  from such a 

A machine program has been developed f o r  t h i s  purpose and 
The 

I n  t h e  method adopted here t h e  ca lcu la t ions  described i n  the  previous sec- 
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ca lcu la t ion .  
from t h e  least squares fit at  t h e  mean ve loc i ty  i n  t h e  subin terva l  of ve loc i ty  
covered i n  each case.  The v e r t i c a l  b a r s  i nd ica t e  t h e  root-mean-square devia- 
t i o n .  Each c i r c l e  i n  f i g u r e  3 i s  computed from 20 t r a j e c t o r y  po in t s  from 
about 10 meteors (more or less, depending on t h e  number of t r a j e c t o r y  p o i n t s  
per  meteor). 
r e sen t  an independent set of da ta .  Adjacent c i r c l e s  represent two groups of 
da ta  t h a t  have 15 t r a j e c t o r y  p o i n t s  i n  common out of t h e i r  t o t a l s  of 20 p o i n t s  
each. Thus only every f o u r t h  c i r c l e  represents  independent da ta .  The overlap- 
ping w a s  employed t o  obta in  a b e t t e r  i nd ica t ion  of t h e  ve loc i ty  dependence 
from a l imi ted  amount of da t a .  

The c i r c l e s  a r e  t h e  values of t h e  luminous e f f i c i ency  f a c t o r  

It should be mentioned t h a t  each c i r c l e  i n  f igu re  3 does not rep- 

I n  other operations,  t h e  t a b l e s  of computed and input quan t i t i e s  are 
arranged i n  t h e  order of increasing mass or impact pressure  ins tead  of veloc- 
i t y .  Least squares f i t s  are then made i n  subin terva ls  of t h e  ordered var iab le  
t o  construct p l o t s  of luminous e f f ic iency  f a c t o r  versus mass and versus impact 
pressure as shown i n  f i g u r e s  4 and 5 .  
quan t i t i e s  such as mean meteoroid dens i ty  are a l s o  made as shown i n  subsequent 
f igu res  . 

k a s t  squares f i t s  and p l o t s  of other 

A 40-meteor sample w a s  se lec ted  from among those ava i l ab le  i n  reference 5 
f o r  t h e  foregoing operations.  The se l ec t ion  w a s  made on t h e  b a s i s  of t h e  
longest t rails  and a wide ve loc i ty  range. 
gram indica ted  d e n s i t i e s  g r e a t e r  than  i r o n  or very l a rge  luminous e f f i c i e n c i e s  
were replaced by o the r s .  
l i s t e d  i n  t a b l e  11. 

Several meteors f o r  which t h e  pro- 

The t r a i l  numbers of t he  f i n a l  40-meteor sample a r e  

It i s  s t a t e d  i n  reference 5 that the  413 meteors f o r  which reduced da ta  
a r e  given do not represent  a random sample of t h e  incoming meteoroid f l u x .  
For example, t h e  r e l a t i v e  numbers i n  a given magnitude range drop below tha t  
of l a rge r  samples i n  t h e  f a i n t  meteor range. The corresponding d i s t r i b u t i o n  
of our 40-meteor sample i s  similar t o  t h a t  of t h e  413 meteors of reference 5 ,  
although it i s  more e r r a t i c  because of t h e  small number involved. The b i a s  
aga ins t  f a i n t  meteors i s  amplified a l s o  because long t r a i l s  were se lec ted .  
The photographic magnitude range encompassed i n  our  sample i s  +1.8 t o  -3.6. 
The computed preent ry  masses l i e  between 0.0828 and 3.30 grams. For spheres 
of density 2.8 gm/cm3, t h e  corresponding r a d i i  are 0.19 t o  0.65 cm. 
puted rad ius  of t h e  hemispherical f r o t h  s h e l l  developed during f l i g h t  i n  t h e  
atmosphere averages about 0.7 cm. 

The com- 

RESULTS AND DISCUSSION 

Results From S t a t i s t i c a l  Procedure 

As mentioned i n  t h e  previous sec t ion ,  t h e  r e s u l t s  from a n  ana lys i s  of 
super-Schmidt meteor da ta  are presented i n  f i g u r e  3 .  The sca le  on the  l e f t  
i nd ica t e s  t he  u n i t s  used i n  references 5 and 6 f o r  t h e  luminous e f f i c i ency  
f a c t o r  T ~ ~ .  The sca l e  on t h e  r i g h t  can be used t o  compute the  equivalent 
dimensionless luminous e f f i c i ency  
energy of t he  vaporized atoms t h a t  i s  converted t o  l i g h t  de tec tab le  by t h e  

T ~ ,  which i s  t h e  f r a c t i o n  of t h e  k i n e t i c  
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blue sens i t i ve  f i l m  used i n  t h e  super-Schmidt cameras. This scale  w a s  con- 
s t ruc ted  according t o  reference 6. Additional information on the  method of 
conversion i s  contained i n  references 16 and 17. 
t h e  sca le  i s  10-rp/V, it should be mult ipl ied by 
e f f ic iency  T~ 

similar t o  that from t h e  preliminary ana lys i s  reported i n  reference 4. 
constant value of T~~ 
dashed. l i n e  i n  t h e  f l g u r e .  The values of T~~ from t h e  present  method 
approach Verniani ' s value a t  high veloci ty ,  bu t  r ise with decreasing ve loc i ty  
r a the r  than remaining constant .  
i t y  dependence of br ings  t h e  ve loc i ty  dependence of the  meteoroid f l u x  
deduced from photographic meteor data  i n t o  b e t t e r  agreement with overlapping 
radar  r e s u l t s .  A similar ve loc i ty  dependence of -rap w a s  found f o r  small 
i r o n  spheres i n  laboratory experiments ( r e f .  18). 
a time of t h e  50 data  po in t s  given i n  reference 18 are shown i n  f igure  3.  
necessary conversion of u n i t s  w a s  based on t h e  assumption that the  luminous 
e f f ic iency  measured i n  t h e  experiments w a s  t he  photographic e f f ic iency  

T~ - 
According t o  reference 8 the  luminous e f f ic iency  f o r  stone should be l e s s  than 
that f o r  i ron  by a f a c t o r  of about 6.5. 
f o r  i r o n  has been made t o  convert t o  an equivalent value f o r  stone. 

Since t h e  quant i ty  read from 
V/10 t o  obtain t h e  luminous 

Even though updated material proper t ies  have been used, f i gu re  3 i s  s t i l l  
The 

recommended. by Verniani i n  reference 6 i s  shown as a 

It was shown i n  reference 4 t h a t  such a veloc- 
T~~ 

Averages over 10 poin ts  a t  
The 

No readjustment i n  the  r e s u l t s  shown 

Values of T~~ versus V f o r  th ree  individual  meteors a r e  included i n  
f igu re  3 t o  show t y p i c a l  va r i a t ions  along a t r a j e c t o r y .  The individual  
meteors i n  the  present  sample cover a r e l a t i v e l y  small ve loc i ty  range, but  t he  
values of T~~ 

t r a j e c t o r y  . 
computed of ten  vary by more than a f a c t o r  of 2 along a 

It i s  known t h a t ,  due t o  instrument se lec t ion  e f f e c t s  and other f ac to r s ,  
cor re la t ions  e x i s t  between var iab les  such as mass and ve loc i ty  i n  meteor data  
chosen a t  random (ref .  5 ) .  
t h e  apparent ve loc i ty  dependence of T~~ 
a dependence on mass or other  var iab les .  Figure 4 i s  a p l o t  of T versus 
mass. It appears t h a t  t h e  cor re la t ion  with mass i s  l e s s  than with veloci ty .  
Typical va r i a t ions  along t h e  t r a j e c t o r y  are shown f o r  t h ree  individual  
meteors i n  f igu re  4 .  

It i s  therefore  of i n t e r e s t  t o  determine whether 
shown i n  f igu re  3 might be bas i ca l ly  

OP 

Figure 5 i s  a p l o t  of T~ versus impact pressure,  pV2, constructed from 
t h e  same meteor data  as t h e  previous two f igu res .  It appears that there  i s  
l i t t l e  or no co r re l a t ion  of 
i n  the  ca lcu la t ion .  Typical r e s u l t s  f o r  th ree  individual  meteors shown i n  the  
p l o t  indicate  t h a t  t h e  impact pressure can increase appreciably along a 
t r a j e c t o r y .  

T~~ 
with t h i s  var iable  f o r  t he  40 meteors used 

A s  explained i n  t h e  Analysis sect ion the  present  method of meteor analy- 
sis  leads t o  a predic t ion  of t h e  var iable  mean meteoroid density along a tra- 
jec tory .  
pressure obtained by averaging over 20 t r a j e c t o r y  po in t s  a t  a time. 
cussed i n  t he  sec t ion  on t h e  s t a t i s t i c a l  procedure, each average i s  con- 
s t ruc ted  from t h e  da ta  of a number of meteors, depending on the  number of 

Figure 6 shows t h e  mean meteoroid densi ty  as a funct ion of impact 
A s  d i s -  
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Figure 6. - Meteoroid mean dens i ty  versus impact pressure. 

t r a j e c t o r y  po in t s  per meteor f a l l i n g  i n  the  range of impact pressure included 
i n  the  average. The computed values of mean meteoroid density versus impact 
pressure a r e  a l s o  shown f o r  two indiv idua l  meteors i n  f igu re  6 .  The r e s u l t s  
f o r  these two meteors i nd ica t e  t h a t  bo th  t h e  mean meteoroid dens i ty  and impact 
pressure vary appreciably along a t r a j e c t o r y .  

Individual meteors e i t h e r  increase or decrease i n  dens i ty .  However, t h e  
averages over s eve ra l  meteors shown i n  f igu re  6 ind ica te  a systematic tendency 
toward higher mean meteoroid d e n s i t i e s  a t  t h e  l a rge r  impact pressures .  This 
ind ica t ion  of a smaller accumulation of f r o t h  on t h e  average a t  higher impact 
pressures  can be a t t r i b u t e d  t o  t h e  g rea t e r  l ike l ihood of t he  f r o t h  being blown 
o f f .  It would be d i f f i c u l t  t o  expla in  t h i s  p l o t  on t h e  b a s i s  of meteoroids 
not containing s o l i d  inner cores.  For example, a general  fragmentation of 
f r a g i l e  meteoroids should r e s u l t  i n  lower apparent d e n s i t i e s  a t  higher impact 
pressures ,  opposite t o  t h e  tendency shown i n  f i gu re  6 .  
lends credence t o  t h e  assumption t h a t  t he  s o l i d  inner core does not fragment 
f o r  a majority of meteors i n  t h e  sample. 

This observation 
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Figure 7 shows the  mean meteoroid densi ty  as a funct ion of ve loc i ty .  The 
co r re l a t ion  of densi ty  with ve loc i ty  i s  l e s s  than the  co r re l a t ion  with impact 
pressure shown i n  t h e  previous f igu re  i n  t h e  sense t h a t  t he  s c a t t e r  overlaps 
the  va r i a t ion  more. The drop-off i n  mean densi ty  at  high ve loc i ty  can be 
r e l a t ed  t o  the  lower impact pressures  experienced by the  higher speed meteors 
on the  average. 
be fo r tu i tous .  An unexpectedly la rge  f r a c t i o n  of the  low ve loc i ty  t r a j e c t o r y  
poin ts  i n  t h e  sample occurred a t  values of t he  impact pressure l e s s  than 
2000 N/m2. According t o  f igu re  6, small values of mean meteoroid densi ty  a r e  
t o  be expected under such conditions.  
ve loc i ty  i n  our meteor sample i s  due t o  a combination of f a c t o r s .  
t h i r d  of such po in t s  correspond t o  ea r ly  p a r t s  of t h e  t r a j e c t o r i e s .  For sev- 
e r a l  of t h e  meteors involved the  l a t e r  p a r t s  of t h e  t r a j e c t o r i e s  were t run-  
cated because they l e f t  the  f i e l d  of view of one of t h e  observing cameras. 
The contr ibut ions of t he  l a rge r  mean dens i t i e s  that do occur a t  low ve loc i ty  
a re  suppressed i n  the  logarithmic averages t h a t  include the  more numerous 
t r a j e c t o r y  poin ts  showing s m a l l  mean dens i t i e s .  

The drop-off i n  mean densi ty  a t  lower ve loc i ty  i s  believed t o  

The depressed impact pressure a t  low 
About a 
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I n  reference 6, Verniani reported an ana lys i s  of 360 of t h e  meteors 
contained i n  reference 5 .  
f o r  meteors with aphel ia  g rea t e r  than  7 AU w a s  g r e a t e r  by a f a c t o r  of 2 than  
t h e  average f o r  those  w i t h  smaller aphel ia .  The method of reference 6, based 
on t h e  luminosity and dynamic equations, d id  not permit a determination of t h e  
mean dens i ty  pm alone. It w a s  assumed that t h e  e f f e c t  w a s  due t o  a d i f f e r -  
ence i n  density of t h e  two groups of meteoroids. The difference i n  dens i ty  
w a s  j u s t i f i e d  on t h e  b a s i s  of Whipple's i c y  comet model. N o  allowance w a s  
made f o r  poss ib le  changes i n  mean meteoroid dens i ty  due t o  f ro th ing  i n  t h e  
atmosphere. On t h i s  b a s i s  T~~ w a s  found t o  be independent of ve loc i ty  i f  
t h e  long-period meteoroids w e r e  assumed t o  be l e s s  dense by a f a c t o r  of 1 .4  
than  t h e  short-period meteoroids. With no d i f fe rence  i n  density f o r  t h e  two 
groups, it w a s  found that 

It w a s  found t h a t  t h e  average value of T O ~ V / &  

-rap would be approximately propor t iona l  t o  

I n  the  present  method t h e  mean meteoroid dens i ty  and luminous e f f i c i ency  
f a c t o r  a r e  computed separa te ly .  With t h e  a i d  of information contained i n  
reference 19, it has been determined t h a t  t h e  las t  th ree  average values of 
mean meteoroid dens i ty  on t h e  r i g h t  i n  f igu re  7 are l a rge ly  from meteoroids i n  
o r b i t s  with aphel ia  g r e a t e r  than  7 AU. 
averages a t  lower v e l o c i t i e s  a r e  from o r b i t s  w i t h  aphe l ia  l e s s  than 7 AU. If 
we ignore t h e  dec l ine  i n  mean density a t  lower ve loc i ty  f o r  reasons previously 
discussed, a d i f fe rence  i n  mean dens i ty  of about a f a c t o r  of 2 i s  found f o r  
t h e  two groups of meteoroids discussed by Verniani. If t h i s  density r a t i o  
were put  i n t o  Verniani'  s analys is  , t h e  luminous e f f i c i ency  f a c t o r  determined 
would r i s e  with decreasing ve loc i ty  r a the r  than  remaining constant.  A s  p rev i -  
ously discussed, t h e  decline i n  mean dens i ty  a t  high ve loc i ty  can be a t t r i b -  
uted t o  the  g rea t e r  f r o t h  accumulation that i s  poss ib le  a t  t h e  lower impact 
pressures  experienced r a t h e r  than  t o  a d i f fe rence  i n  t h e  dens i t i e s  of t h e  
meteoroids before e n t r y  i n t o  t h e  atmosphere. I n  a later section, t h e  e f f e c t  
of changes i n  t h e  assigned parameters i s  discussed. From that study it can be 
determined that i f  the dens i ty  of t h e  s o l i d  core were assumed t o  be smaller 
f o r  long-period meteoroids than  those w i t h  aphe l ia  l e s s  than 7 AU, t h e  
decrease i n  mean meteoroid dens i ty  a t  high ve loc i ty  would be accentuated by 
about t h e  same r a t i o .  T h i s  would lead t o  an even f a s t e r  r i s e  i n  luminous 
e f f i c i ency  with decreasing ve loc i ty  from Verniani's ana lys i s  than would r e s u l t  
from t h e  density v a r i a t i o n  shown i n  f igu re  7. Likewise, i f  a lower dens i ty  of 
t h e  s o l i d  meteoroid core were assumed f o r  high-velocity meteors, t h e  luminous 
e f f i c i ency  f a c t o r  computed by t h e  method of t h e  present  repor t  would drop even 
more than  with a constant s o l i d  core dens i ty  ( see  eq .  ( 1 6 ) ) .  

Most of t h e  meteoroids used f o r  t h e  

A p l o t  of mean meteoroid dens i ty  versus mass showed l i t t l e  c o r r e l a t i o n  
and i s  not reproduced here .  The most informative p l o t  of mean dens i ty  i s  con- 
sidered t o  be tha t  showing i t s  dependence on impact pressure i n  f igu re  6, 
which w a s  previously discussed. 

21 



2700 - 

y 2600- 

I-- 

e 
$ 2 5 0 0 -  

c E 
0 
E 2400- 
L 

= VI - '' 2300 - 
._ 6 

- 
In 

2200 - 

2 ' 0 0 l  

0 40 meteors, table II. 
0 Meteor 8881 
cI Meteor 4464 

pp I3 

P P P P 
I3 

I I I I I I 
750 1000 I500 2000 3000 5000 

lmpoct pressure, pv2, N/& 

Figure 8.- Stagnation-point surface temperature versus impact pressure. 

cl P 

I I 
7500 10,oOo 

P l o t s  have been made of computed values of t h e  surface temperature a t  the  
stagnation po in t  versus ve loc i ty ,  mass, and impact p re s su re .  O f  these ,  t h e  
one ind ica t ing  t h e  g r e a t e s t  co r re l a t ion  i s  t h e  p l o t  of temperature versus 
impact pressure shown i n  f igu re  8. The stagnation-point surface temperature 
would be a monotonic func t ion  of 
namic hea t - t ransfer  c o e f f i c i e n t ,  which depends on t h e  ve loc i ty ,  a i r  density,  
and nose rad ius  of t h e  meteoroid. 
meteoroid components i n  the  aerodynamic energy equation (C2) ,  discussed i n  
appendix C,  a l s o  d i s t u r b s  t h i s  monotonic r e l a t ionsh ip .  The s c a t t e r  i n  f i g -  
ure  8 r e f l e c t s  these  d is turb ing  influences as we l l  as t h e  difference i n  veloc- 
i t y  dependence of t h e  impact pressure pV2 and t h e  a i r s t ream energy f l u x  pV3. 
Results f o r  two indiv idua l  meteors p l o t t e d  i n  t h e  f i g u r e  show t h a t  the  surface 
temperature and impact pressure  increase appreciably along a t r a j e c t o r y .  

pV3 except f o r  va r i a t ions  of t h e  aerody- 

Allowing f o r  evaporation of v o l a t i l e  

S e n s i t i v i t y  of Results t o  Assumptions 

Since t h e  meteoroid p rope r t i e s  a r e  uncer ta in  and an  idea l ized  meteoroid 
shape has been assumed i n  t h e  foregoing ana lys i s ,  it i s  of i n t e r e s t  t o  de te r -  
mine t h e  e f f e c t  on t h e  computed luminous e f f i c i ency  f a c t o r  of changes i n  
assigned values of t h e  parameters. For t h i s  purpose, it i s  he lp fu l  t o  derive 
approximate expressions f o r  t he  dependence of T~~ on t h e  parameters. The 
r e s u l t i n g  approximations have been checked by making ca lcu la t ions  f o r  a few 
meteors with one parameter a t  a time var ied .  A matter of p a r t i c u l a r  i n t e r e s t  
i s  t o  determine whether any reasonable change i n  assumed p rope r t i e s  can remove 
t h e  ve loc i ty  dependence of t he  luminous e f f i c i ency  f a c t o r  indicated by the  
present method. 

By means of approximations of equations ( 3 ) ,  ( 7 ) ,  and (8) described i n  
appendix D, t he  p ropor t iona l i t y  r e l a t i o n  
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has been derived. This expression ind ica t e s  that i f ,  f o r  example, t h e  
assigned value of t h e  nose r ad ius  parameter A,, 
values of 7oP w i l l  be increased by t h e  f a c t o r  p3 l4  = 1.682. This app l i e s  t o  
t h e  computed values a t  each po in t  on the  t r a j e c t o r y  of an  ind iv idua l  meteor as 
w e l l  as t h e  averages from t h e  s t a t i s t i c a l  procedure. I n  f igu re  9 t h e  above 
p red ic t ion  i s  compared w i t h  the r e s u l t s  of machine ca l cu la t ions  f o r  a f e w  
ind iv idua l  meteors. 

i s  doubled, t h e  computed 

Figures 10 and 11 show s imi l a r  comparisons with respec t  t o  va r i a t ions  of 
t h e  geometrical parameters A,, and SF. The shapes corresponding t o  these  
changes i n  parameters are discussed i n  appendix A and a r e  depicted i n  f i g -  
ures  19 and 20. 
reasonably accurate approximation i n  view of i t s  s impl i c i ty .  Since t h e  magni- 
tudes of the  va r i a t ions  considered af.e i n  a range that can be expected t o  
occur i n  a sample of meteors, it i s  c l e a r  that the  l e v e l  of t h e  luminous e f f i -  
ciency f a c t o r  determined i n  the previous sec t ion  i s  not we l l  determined. How- 
ever,  a systematic v a r i a t i o n  of t h e  parameters with ve loc i ty  that would remove 
the  ve loc i ty  dependence of t h e  luminous e f f i c i ency  f a c t o r  appears un l ike ly .  

It can be seen from f igu res  9 t o  11 that equation (16) i s  a 

The predic t ions  of equation (16) w i t h  respect t o  changes i n  t h e  assigned 
values of t he  density of the s o l i d  core and of t h e  f r o t h  dens i ty  a r e  compared 
with r e s u l t s  from machine ca l cu la t ions  i n  f igu res  12  and 13. The approxima- 
t i o n  appears t o  be use fu l  f o r  ad jus t ing  the  s o l i d  core density,  bu t  not t h e  
f r o t h  dens i ty .  For the  lat ter,  t h e  va r i a t ions  i n  t h e  luminous e f f i c i ency  f ac -  
t o r  a r e  l a r g e r  than predic ted  and a r e  i n  t h e  opposite d i r ec t ion .  T h i s  f a i l u r e  
has been t raced  t o  t h e  s tep  i n  t h e  approximation whereby t h e  second term i n  
equation (7) i s  omitted (see appendix D) . 
pared t o  the  f i rs t  term, but  increasing p d  by a f a c t o r  of 3 increases t h e  
r a t i o  of t h e  two terms by about t h e  same f a c t o r  so t h a t  t he  e f f e c t  of t he  
second term becomes more important. I n  addi t ion ,  t h e  term i n  question con- 
t a i n s  bm as a f a c t o r  which occasionally becomes l a r g e .  For t h i s  reason, t h e  
machine ca l cu la t ions  a l s o  become e r r a t i c  when a la rge  value i s  assigned t o  t h e  
f r o t h  dens i ty .  It can be argued tha t  l a rge  values of t h i s  term should be sup- 
pressed when they lead  t o  increased s c a t t e r  i n  t h e  computed values of t h e  
luminous e f f i c i ency  f a c t o r .  The subject w i l l  not be pursued f u r t h e r  here .  
However, it should be noted t h a t  i f  values of t he  f r o t h  dens i ty  above about 
200 kg/m3 a r e  of i n t e r e s t ,  complications not indicated by the  approximate 
equation (16) should be considered. 

This term i s  o rd ina r i ly  small com- 

Approximations leading t o  p red ic t ions  of t h e  e f f e c t s  of changes i n  other 
assigned parameters a r e  described i n  appendix D. The p ropor t iona l i t y  r e l a t i o n  
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Figure 11.- Effect on luminous efficiency factor of changes in meteoroid shape factor. 
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has been derived. 
r e s u l t s  from machine ca l cu la t ions  are 
compared with the  p red ic t ions  of equa- 
t i o n  (17) f o r  changes by a f a c t o r  of 
3 i n  t h e  assigned value of t h e  the r -  
m a l  conductivity k. Since t h e  quan- 
k i t i e s  CF, k, and Cp appear only i n  
t h e  combination above i n  the  a b l a t i o n  
model equations,  f i gu re  14 a l s o  ind i -  
c a t e s  t he  v a l i d i t y  of t h e  approxima- 
t i o n  wi th  respec t  t o  va r i a t ions  i n  
t h e i r  assigned values.  The tangen- 
t i a l  fo rce  coe f f i c i en t  CF depends 
on computed q u a n t i t i e s  such as the  
meteoroid nose r ad ius  as w e l l  as t h e  

I n  f i g u r e  14 

a i r  dens i ty  and meteor v e l o c i t y .  f a c t o r  of changes i n  thermal 
conductivity. Although CF i s  not an  assigned 

parameter, equation (17) ind ica t e s  

Figure 1 4 . -  Ef fec t  on luminous e f f i c i e n c y  

t h e  e f f e c t  on -rap t o  be expected when CF i s  modified by a constant f a c t o r  
due t o  t h e  reassignment of a parameter such as t h e  constant C i n  
equation ( ~ 3 )  . 

The equilibrium vapor pressure pv l ikewise i s  not a n  assigned parameter. 
However, equation (17) ind ica t e s  t h e  e f f e c t  on 
change i n  t h e  l e v e l  of t h e  computed vapor pressure  due t o  reassignment of a 
parameter i n  the  equilibrium vapor pressure l a w  (eq.  ((211)). 
a comparison of t h e  p red ic t ion  wi th  r e s u l t s  from machine ca lcu la t ions  f o r  a 
f e w  ind iv idua l  meteors. It i s  seen that changing t h e  l e v e l  of t h e  equilibrium 
vapor pressure  l a w  by a f a c t o r  of 10 changes t h e  computed values of T~~ by a 
f a c t o r  of about 2.5. 

T~~ 
t h a t  would r e s u l t  from a 

Figure 15 shows 

0 From meteor doto 3r From meteor data 

0 0  

Equilibrium v o w  
pressure a factor 10 

0 of ten larger 
CI = 11.63 

;2 

Assumed equili- 
h u m  vapor 
pressure 
C I =  10.63 El El B El E f l  

TEquat ion  (17) Equilibrium vapor pressure 0 
factor of ten smaller CI = 9.63 

I I I I I I I 1 
0 IO 20 30 40 50 60 70 

Velocity, V, km/sec 

Figure 1-5.- Ef fec t  on luminous e f f i c i e n c y  
f a c t o r  of changes i n  l e v e l  of equilibrium 
vapor pressure. 

The quant i ty  cf i n  equa- 
t i o n  (17) i s  the  hea t  per  u n i t  mass 
required t o  hea t  and melt t he  s o l i d  
meteoroid core; Tf i s  t h e  tempera- 
ture of fus ion .  It has been de ter -  
mined from machine ca l cu la t ions  that 

of changing t h e  t h e  e f f e c t s  on 
assigned values o these  parameters 
ind ica ted  by equation (17) a r e  
r e a l i s t i c .  

TF@ 

From information given i n  appen- 
d ix  C ,  it i s  found t h a t  a t  a t y p i c a l  
temperature of 2400° K, ordinary 
chondrites have a v i scos i ty  g r e a t e r  
than  that of carbonaceous chondrites 
by a f a c t o r  of 3.4 and a smaller 
equilibrium vapor pressure by a fac-  
t o r  of 3.6. 
t i o n  (17) t h e  ne t  e f f e c t  of these  

According t o  equa- 
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two d i f fe rences  i s  a n  increase i n  t h e  pred ic ted  values of 
of about 1.5. 
ca lcu la t ions .  

-r0 by a f a c t o r  
A somewhat smaller e f f e c t  w a s  found i n  t h e  macEine 

Additional information on t h e  e f f e c t s  of changes i n  t h e  assigned param- 
e t e r s  i s  given i n  appendix D. Although t h e  l e v e l  of t he  values of rop i n  
f igu re  3 may be i n  e r r o r ,  no simple reassignment of t h e  parameters has been 
found t h a t  would remove t h e  ve loc i ty  dependence. 

Ef fec t  of Froth Ablation i n  Wake 

The p o s s i b i l i t y  t h a t  t h e  mass determined from t h e  luminosity equation 
may d i f f e r  from t h e  dynamic mass has long been recognized. I n  reference 7, 
it i s  observed t h a t  if, as a r e s u l t  of aerodynamic fo rces  or thermal s t r e s s ,  
mater ia l  i s  j e t t i soned  f r o m t h e  body i n  t h e  s o l i d  s t a t e  or i f  it flows off 
t h e  body i n  the  l i q u i d  s t a t e ,  t he re  w i l l  be a time l a g  before the  debr i s  
vaporizes i n  t h e  wake. The luminosity r e s u l t s  from c o l l i s i o n s  of a i r  and 
vapor molecules and hence does not appear u n t i l  t he  ma te r i a l  from t h e  body 
vaporizes. I f  a l a rge  f r a c t i o n  of t h e  mass i s  ab la ted  i n  t h e  s o l i d  or l i q u i d  
form and i f  t h e  deb r i s  follows t h e  parent  meteoroid c lose ly  enough, t h e  major 
e f f ec t  may be simply a l ag  i n  the  luminous i n t e n s i t y  r e l a t i v e  t o  t h e  t i m e  of 
ab la t ion  from the  parent  meteoroid. The mass determined from t h e  luminosity 
equation would then  correspond t o  t h e  dynamic mass a t  an e a r l i e r  time. 
shal l  inves t iga te  t h e  consequences of such a mechanism on the  computed values 
of the  luminous e f f i c i ency  f a c t o r .  

W e  

The luminosity equation i n  t h e  usua l  form with l a g  e f f e c t s  neglected can 
be wr i t t en  

I n  t h e  development described i n  t h e  ana lys i s  sec t ion ,  t h i s  equation i s  used 
t o  determine 
t h e  dynamic and a b l a t i o n  equations.  
t h e  mass and dens i ty  computed along a t r a j e c t o r y  w i l l  not be a f f ec t ed .  
convenient t o  r e t a i n  the  d e f i n i t i o n  of 
defining a corrected luminous e f f ic ienc /%tor  -rope by the  r e l a t i o n  

I - ~ ~ ,  t h e  mass and mean meteoroid density being determined from 
Therefore, i f  equation (18) i s  modified, 

It i s  
afforded by equation (18) while 

d t  + 2E3 Jm IP d t  (19) m = 2 ( 1  - B) J m I P  

7 OPC v3 t+e  T ~ ~ ~ v ~  

The quant i ty  B 
mass abla ted  as f r o t h ,  which i s  vaporized i n  a time 
t h e  parent  meteoroid. The f r a c t i o n  (I - B) of t he  mass i s  assumed t o  be 
vaporized i n  a time small compared t o  8 .  It i s  assumed t h a t  a s ing le  value 
of 8 and a s ingle  value of B i n  place of a n  i n t e g r a l  over a l l  poss ib le  
delay times can approximate t h e  e f f e c t  of t h e  delayed vaporization. 
Topc 

i s  a number between 0 and 1 representing t h e  f r a c t i o n  of t h e  
8 a f t e r  e j e c t i o n  from 

If so, 
defined by equation (19) may more c lose ly  represent  t h e  e f f i c i ency  of 
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converting the k i n e t i c  energy of t h e  vapor molecules t o  photographable l i g h t  
and may be less var i ab le  than  

- r o p e  

From equations (18) and (19) t h e  mass before e n t r y  i n t o  t h e  atmosphere i s  
found t o  be 

d t  !P d t  
7 v3 OPC 

i s  l e s s  va r i ab le  than  -rap, i t s  use i n  t h e  r e l a t i o n  If Tope 

t o  determine the  meteoroid flux i n  space i s  p re fe rab le  t o  use of T~ i n  t h e  
same equation. Determinations of T 

s c a t t e r  than -rap if p a r t  of t h e  v a r i a b i l i t y  of -rap i s  due t o  an i n t e n s i t y  
l a g .  
s c a t t e r  i n  -rope i s  l e s s  than  t h a t  i n  -rap. 

from meteor da ta  may a l s o  sgow l e s s  OPC 

It w i l l  be shown t h a t  f o r  t h e  40 meteors analyzed i n  t h i s  repor t  t he  

I n  appendix E an approximate r e l a t ionsh ip  between T~~~ and T~~ i s  
derived i n  t h e  form 

T ope - - Top (1 + B8 f) 

Since 
v idua l  meteors i n  t h e  machine program described i n  t h e  ana lys i s  sec t ion ,  t h i s  
expression can be used t o  compute values of -rope if t h e  product B8 can be 
evaluated. We s h a l l  f i r s t  estimate BB from a consideration of t h e  behavior 
of f r o t h  p a r t i c l e s  i n  t h e  wake and l a t e r  describe a method f o r  deducing t h e  
value from t h e  meteor da t a .  

G/m = dln(m)/dt and T~~ are computed along t h e  t r a j e c t o r i e s  of ind i -  

From t h e  ca l cu la t ions  for ind iv idua l  meteors previously discussed, it i s  
found t h a t  most of t h e  ma te r i a l  ab la ted  from t h e  f r o n t  f ace  of t h e  so l id  inner 
core i s  removed by flowing t o  cooler regions r a t h e r  than  by vaporization. 
This behavior i s  discussed f u r t h e r  i n  appendix C .  The mode of ab la t ion  of t h e  
f r o t h  produced from t h i s  flow i s  not determined by t h e  a b l a t i o n  model 
described i n  the  a n a l y s i s  s ec t ion .  However, s ince  t h e  f r o t h  would be i n  a 
cooler region than  t h e  f r o n t  face  of t h e  s o l i d  core,  it can be assumed t h a t  
most of t h e  f r o t h  i s  ab la t ed  i n  t h e  s o l i d  or  l i q u i d  form r a t h e r  than by evapo- 
r a t i o n  while a t tached  t o  t h e  parent  meteoroid. For t h a t  reason we assume that 
the  quantity B i n  equations (19) and (20) i s  approximately equal t o  1. 

The s o l i d i f i e d  chunks of f r o t h  i n  the  wake would a l s o  be expected t o  
a b l a t e  by l i q u i d  runoff with the  drops subsequently breaking up as a r e s u l t  of 
aerodynamic pressure .  When t h e  melted p a r t i c l e s  produced i n  t h i s  process a r e  
small enough t o  avoid d is rupt ion  by v i r t u e  of surface tension, t h e  subsequent 
reduction i n  mass can occw only by vaporization. When t h e  heat sink repre- 
sented by a progress ive ly  exposed cooler i n t e r i o r  i s  absent,  t h e  surface 
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temperature i s  e leva ted  and r ap id  vaporization OCCLWS. Our ca lcu la t ions  
ind ica t e  that most of t h e  meteoroid ma te r i a l  reaches t h e  vaporized s t a t e  by 
t h i s  chain of events r a t h e r  than  by d i r e c t  vaporization from t h e  parent  
meteoroid (see appendix C)  . 

An approximate expression f o r  t h e  time required f o r  a s o l i d  or l i q u i d  
p a r t i c l e  t o  a b l a t e  most of i t s  mass i s  derived i n  appendix E i n  t h e  form 

spcfpv3 
where 

5 spec i f i c  hea t  of a b l a t i o n  

pd p a r t i c l e  dens i ty  

i n i t i a l  mass 

SF shape f a c t o r  

9 0  

CH heat-transf e r  c o e f f i c i e n t  

pv2 impact pressure  

V p a r t i c l e  ve loc i ty  

All quan t i t i e s  i n  t h i s  expression except t h e  i n i t i a L  mass 
estimated. We a r e  concerned with a condition that  Opik ( r e f .  3) c a l l e d  an 
abnormal environment i n  which t h e  p a r t i c l e s  involved a r e  in j ec t ed  by a b l a t i o n  
from a l a rge r  body a t  an a l t i t u d e  lower than  they would a t t a i n  i f  i n j ec t ed  
d i r e c t l y  from outside the  atmosphere. The impact pressure and ve loc i ty  do not 
change appreciably during a b l a t i o n  under t h i s  condition. The values 
pV2 = 3400 N/m2 and V = 2X104 m/sec corresponding t o  an  e a r l y  p a r t  of the  
t r a j e c t o r y  of meteor 4464 of reference 5 w i l l  be used t o  estimate 

mfo can be r e a d i l y  

8 .  

We sha l l  f i rs t  consider t he  l i q u i d  drops held together by surface ten-  
s ion .  From a formula i n  reference 3 it i s  shown i n  appendix E tha t  f o r  t h e  
above conditions t h e  radius of such p a r t i c l e s ,  considered t o  be spheres, i s  

rz = 5.1~10-~ meter 

With the  f r o t h  dens i ty  prnf = 100 kg/m3, t h e  corresponding mass i s  

mz = 5 .5X10-8 kg 

Subs t i tu t ing  t h i s  value f o r  
pV3 = 6..8x107, sF = 1.208 i n  equation (21) y i e l d s  

mfo and 5 = 8.51x106, pnrf = 100, CH = 1, 

81 = 0.051 see 

as t h e  time required t o  vaporize such l i q u i d  drops. 



The i n i t i a l  mass of s o l i d i f i e d  f r o t h  p a r t i c l e s  can be estimated i f  it i s  
assumed t h a t  t h e  sloughing of such p a r t i c l e s  i s  observable as f luc tua t ions  i n  
t h e  l i g h t  curve. 
meteor 4464, a value of 

From l i g h t  curves i n  reference 20 and t h e  ab la t ion  rate of 

mfo = 3X10-5 kg 

has been a r r ived  a t  (appendix E ) .  
mass and dens i ty  

The r ad ius  of a sphe r i ca l  p a r t i c l e  of t h i s  
p d  = 100 kg/m3 i s  

r = meter f 

Since l i q u i d  a b l a t i o n  r a the r  than vaporization would occur, t he  spec i f i c  heat 
of ab la t ion  i s  taken t o  be 
constants evaluated as before,  t h e  r e s u l t i n g  l a g  time from equation (21) i s  

5 = 1 . 8 8 4 ~ 1 0 ~  ( cf from t a b l e  I ) .  With other 

Since t h e  l i g h t  i s  not produced u n t i l  t h e  ab la ted  l i q u i d  drops vaporize, t h e  
t o t a l  l a g  time i s  

e = Bf + e 2  = 0.143 see 

The f r o t h  p a r t i c l e s  a r e  smaller and l e s s  dense than  t h e  parent  meteoroid. 
They would the re fo re  l a g  behind and produce most of t h e  l i g h t  some distance 
back i n  t h e  wake. I n  appendix E an  expression f o r  t h e  l a g  distance i s  
derived i n  t h e  form 

The displacements of t h e  l i q u i d  drops and f r o t h  
r e l a t i o n  with CD = 2, CH = 1, v = 2X104 meters 

p a r t i c l e s  according t o  t h i s  
are 

ALL = 0.065 km ( l i q u i d  drop) 

AI+ = 0.026 km ( f r o t h  p a r t i c l e )  

The t o t a l  displacement of the  region of l i g h t  production from t h e  parent 
meteoroid i s  approximately t h e  sum of these  

AL = 0.091 km ( t o t a l )  

For comparison, t h e  distance covered by a t y p i c a l  meteor between camera shut- 
t e r  breaks i s  0.3 km, which i s  3 t o  10 times l a r g e r  than t h e  above predic ted  
l a g  d is tances  . 

It i s  i n t e r e s t i n g  t o  determine whether t he re  i s  evidence i n  t h e  meteor 
da ta  of an i n t e n s i t y  l ag  time of t he  order of 0 .1  second as predic ted  i n  t h e  
foregoing discussion. 
form 

Toward t h a t  end, equation (20) can be rearranged i n  the  



B8 - = -  + -  1 
7 OP 7 opc Topc 

The quan t i t i e s  
method described i n  the  ana lys i s  sec t ion .  If -rope and B8/-ropc are assumed 
t o  be constant along t h e  t r a j ec to ry ,  t he  computed values of T~~ and i / m  a t  

T~~ and fi/m are computed a t  each t r a j e c t o r y  poin t  i n  t h e  

two t r a j e c t o r y  po in t s  can be used i n  
equation (23) t o  solve simultaneously 
f o r  -rope and BB/-ropc. By t h i s  means 

be computed from t h e  meteor data. 
Figure 16 shows values of BB thus  
determined f o r  po in ts  on the  t r a j e c -  
t o r i e s  of 15 meteors. The computed 
delay times a r e  p l o t t e d  versus 
108/pV3 t o  check t h e  dependence on 

t i o n  (21 ) .  

1.0 - 

Liqwfcatian values of B8 as w e l l  as -rope can .8 - 
and vaporization 

0 mf0=3x10-5kg t h i s  var iable  indicated by equa- 
A majority of t he  po in t s  

0 2 4 6 A f a l l  reasonably close t o  the e s t i -  

i n  t he  preceding discussion.  (The 
inverse air stream energy, IOS/,V? MKS units mated value 8 = 0.143 sec a r r ived  a t  

Figure 16.- Comparison of i n t e n s i t y  l a g  time 
from meteor da ta  with est imates  (B = 1). estimated value of B i s  1 .0 . )  

I n  appendix E approximate formulas f o r  t h e  delay time as a funct ion of 
108/pV3 are derived t o  obtain 

ef -= o.063x108/pv3 (24) 

This i s  the  time required t o  l iquefy  a f r o t h  p a r t i c l e  of i n i t i a l  m a s s  
q0 = 3X10-5 kg (shown as a dashed l i n e  i n  f i g .  16) .  
vaporize l i qu id  drops i s  approximately (appendix E) 

The time required t o  

el = 0.0235( 108/pv3)2 (25) 

shown as a broken l i n e  i n  f igu re  16. The t o t a l  time required t o  l iquefy  the  
f r o t h  p a r t i c l e s  and vaporize t h e  r e su l t i ng  drops i s  approximately 'Jf + 02 
shown as a f u l l  l i n e  curve i n  f igu re  16. Since the  i n i t i a l  m a s s  mfo may 
vary considerably f r o m  t h e  asswned value of 3X10-5 kg, t h e  comparison of t he  
computed poin ts  with the  f u l l  l i n e  curve i s  sa t i s f ac to ry  except f o r  severa l  
low po in t s .  The low values of €30 could be explained by an unusually high 
v o l a t i l i t y  of t he  meteroid ma te r i a l  such t h a t  B i s  s m a l l  compared t o  1 f o r  
these  meteors. I n  t h a t  case,  vaporization may dominate over l i q u i d  runoff f o r  
t he  f r o t h  p a r t i c l e s .  The tendency of values of B'J computed from the  meteor 
data  t o  l i e  above the  f u l l  l i n e  curve a t  small values of 108/pV3 may be due t o  
t h e  presence of l a rge r  f r o t h  p a r t i c l e s  or  a grea te r  f r o t h  densi ty  than 
assumed, or a combination of bo th .  Since f igure  16 shows that BB var i e s  
from meteor t o  meteor, it i s  considered preferable  t o  determine i t s  value f o r  
each meteor from t h e  data  f o r  purposes of evaluating -r 
u t i l i z i n g  a s ingle  value of 138 for a l l  meteors).  

( r a the r  than 
OPC 



A s  previously mentioned, our machine program computes values of T~~ and 
rri Since calcula- 
t i o n s  a t  two or  more t r a j e c t o r y  po in t s  a r e  required t o  evaluate T~~~ and B8 
from equation ( 2 3 ) ,  such evaluation can be ca r r i ed  out only f o r  meteors with 
da t a  given a t  4 or  more t r a j e c t o r y  po in t s  i n  reference 5 .  For t h i s  reason, 
T~~~ 
marked wi th  t h e  l e t te r  a ) .  The s t a t i s t i c a l  procedure previously discussed 
has been used t o  determine t h e  dependence of 'rope on ve loc i ty .  When 'rope 
could not be computed, it w a s  set equal t o  
f igu re  17. Comparison wi th  f igu re  3 ind ica t e s  t h a t  t h e  s c a t t e r  i n  computed 
values of 'rope i s  l e s s  than  t h e  s c a t t e r  f o r  'rap, although t h e  ve loc i ty  
dependence of t h e  two i s  similar. There i s  a small amount of f l a t t e n i n g  of 
t h e  ve loc i ty  dependence a t  high ve loc i ty  and a genera l  lowering of values a t  
a l l  v e l o c i t i e s  - 

only a t  i n t e r i o r  p o i n t s  on t h e  t r a j e c t o r y  of each meteor. 

can be computed f o r  only 15 of t h e  40 meteors l i s t e d  i n  t a b l e  I1 (those 

'rap- The resu l t s  a r e  shown i n  

0 40 meteors, table IC 
iron (ref. 18) 

- .01 

lr, 
-.m5 c" 

X 

I I I I I _I 
IO 20 30 40 50 60 

Velocity. V, km/sec 

Figure 17.- Luminous efficiency factor with intensity lag correction. 

The r e s u l t s  f o r  i r o n  from laboratory t e s t s  ( ref .  18) a r e  a l s o  shown i n  
f igu re  17 .  The p red ic t ion  of reference 8 t h a t  t he  luminous e f f i c i ency  of 
stone should be l e s s  than t h a t  of i ron  by a f a c t o r  of about 6.5 i s  more near ly  
borne out by these  r e s u l t s  than the  uncorrected values shown i n  f igu re  3 .  The 
remaining discrepancy may be due t o  a f a i l u r e  of t h e  assumption that t h e  
pho toe lec t r i ca l ly  measured luminous e f f i c i ency  of t h e  t e s t s  i s  equal t o  t h e  
photographic luminous e f f i c i ency .  

I n  reference 6 it i s  noted t h a t  ca l cu la t ions  of 'rap based on an  
'rap along t h e  assumed constant dens i ty  show a n  apparent increase of 



t r a j e c t o r y  f o r  many indiv idua l  meteors. The e f f e c t  i s  ascribed t o  progressive 
fragmentation of t h e  v i r g i n  meteoroid material. Verniani concludes t h a t ,  con- 
sequently, only t h e  values of 
are r e l i a b l e .  Increases i n  -rap along t h e  t r a j e c t o r y  a l s o  r e s u l t  from t h e  
present  method f o r  many indiv idua l  meteors. 
a r e  nearly constant along t h e  t r a j e c t o r i e s  i n  a l l  cases.  Consequently, appar- 
e n t  increases of T~~ i n  references 5 and 6 may be due, i n  p a r t ,  t o  t h e  in ten-  
s i t y  l a g  e f f e c t .  Both decreases and increases  of mean meteoroid density along 
t h e  t r a j e c t o r i e s  a r e  noted f r o m t h e  present  method. When decreases i n  mean 
density occur, t h e  eva lua t ion  of -r0 by t h e  method of reference 6 ( subs t i t u -  
t i o n  of a constant value of 
apparent increases of 7oP 

-rap from t h e  e a r l y  p a r t s  of t h e  t r a j e c t o r i e s  

I n  con t r a s t ,  t h e  values of T~~~ 

i n  %he r a t i o  -rOp/p5) would a l s o  lead t o  

CONCLUDING REMARKS 

An ab la t ion  model f o r  so l id  stone meteoroids allowing f o r  a decrease i n  
mean density due t o  f ro th ing  has been used t o  analyze t h e  da ta  of 40 meteors. 
Material  p rope r t i e s  appropr ia te  f o r  carbonaceous chondrites were assigned. 
The photographic magnitudes of t h e  sample ranged from t-1.8 t o  -3.6. The pre-  
en t ry  masses computed were between 8 ~ 1 O - ~  and 3.3X10-3 kg, corresponding t o  
r a d i i  between l . 9 X 1 0 - 3  and 6 . 5 ~ 1 0 - 3  meter f o r  s o l i d  stone spheres. 
puted mean d e n s i t i e s  during atmospheric f l i g h t  ranged from 300 t o  1000 kg/m3, 
corresponding t o  f langes  of f r o t h  as th i ck  as 7X10-3 meter. 

The com- 

The luminous e f f i c i ency  f a c t o r  w a s  computed along t h e  t r a j e c t o r y  of each 
meteor and averaged over severa l  meteors i n  small ve loc i ty  i n t e r v a l s .  The 
r e s u l t i n g  averages agreed wi th  t h e  constant value recommended by Verniani a t  
v e l o c i t i e s  above 35 km/sec. 
r i s e  t o  about s i x  t imes Verniani's value.  

For v e l o c i t i e s  below 25 km/sec, T~~ w a s  found t o  

The e f f e c t  of a delay i n  l i g h t  production r e s u l t i n g  from t h e  time 
required t o  vaporize chunks of f r o t h  i n  t h e  wake has been inves t iga ted .  The 
s c a t t e r  and t h e  l e v e l  of computed values of t h e  luminous e f f i c i ency  f a c t o r  
were reduced s l i g h t l y  by cor rec t ing  f o r  t h i s  delay. The e f f e c t  can account, 
i n  p a r t ,  f o r  apparent increases  of T~~ along t h e  t r a j e c t o r i e s  previously 
a t t r i b u t e d  t o  fragmentation. Such increases  can a l s o  r e s u l t  from t h e  assump- 
t i o n  of a constant mean dens i ty  i n  cases where t h e  computed mean dens i ty  
decreases due t o  accumulation of f r o t h .  It w a s  found that the  da ta  of the 40 
meteors analyzed can be explained on the  b a s i s  of o r i g i n a l l y  so l id  meteoroids 
that do not fragment except by sloughing f r o t h  produced during t h e  f l i g h t .  

The p rope r t i e s  such as v i s c o s i t y  and equilibrium vapor pressure assigned 
were chosen t o  correspond t o  carbonaceous chondrites.  The dens i ty  of t h e  
s o l i d  inner core w a s  assumed t o  be 2800 kg/m3 and the dens i ty  of t h e  f r o t h  
produced during f l i g h t  w a s  taken t o  be 100 kg/m3. An inves t iga t ion  of t h e  
e f f e c t  of changes i n  t h e  assigned material p r o p e r t i e s  w a s  made. Uncertainties 
i n  t h e  p rope r t i e s  could a l t e r  t h e  l e v e l  of t h e  computed luminous e f f i c i ency  
f a c t o r  bu t  not i t s  v e l o c i t y  dependence. Assignment of p rope r t i e s  appropriate 
f o r  ordinary chondrites would not a f f e c t  t h e  results s i g n i f i c a n t l y  except f o r  
an increase i n  t h e  p red ic t ed  stagnation-point surface temperatures. However, 
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many of t he  above conclusions would appear t o  break down i f  a f r o t h  densi ty  
more than twice t h e  assumed value of 100 kg/m3 w e r e  assigned. 

Ames Research Center 
National Aeronautics and Space Administrat ion 

Moffett F ie ld ,  C a l i f . ,  94035, June 5 ,  1968 
129-01-02-09-00-21 
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APPENDIX A 

DISCUSSION O F  ASSUMPTIONS 

I n  addi t ion  t o  the  assumptions l i s t e d  i n  the  ana lys i s  sect ion,  spec i f i c  
values must be assigned t o  geometric parameters and constants i n  the  material 
property l a w s  t o  car ry  out an  ana lys i s  of meteor data .  For example, t he  f i rs t  
assumption can be s t a t ed  i n  t h e  form 

For most of t he  ca lcu la t ions ,  A,, = 1 has been used corresponding t o  a hemi- 
spherical  f ron t  f ace .  
r a t i o  t o  a l a rge r  value corresponding t o  a b lunter  shape has been invest igated.  

However, t he  e f f e c t  on t h e  r e s u l t s  of changing the  

The second assumption can be expressed as 

where A,, i s  a constant,  Qs i s  the  volume of the  so l id  core,  and Q, the  
t o t a l  meteoroid volume. The o r ig in  and meaning of t h i s  r e l a t i o n  requi res  fur- 
the r  explanation. Such a r u l e  would apply, for example, i f  the  so l id  and 
t o t a l  volumes were both spheres or hemispheres. Equation (A2) w a s  o r ig ina l ly  
derived f o r  t he  case of a hemispherical ove ra l l  shape and a cy l ind r i ca l  so l id  
volume with the  length of t he  cylinder equal t o  i t s  rad ius .  In  t h e  l i m i t  of 
very s m a l l  rs/r it can be shown t h a t  A,, = ( 2 / 3 ) ” / ”  f o r  t h a t  case.  T h i s  i s  
the  value used i n  t h e  ca lcu la t ions ,  bu t  t he  e f f e c t  on the  r e s u l t s  of changes 
i n  the  value of A,, has been invest igated.  When there  i s  no f r o t h ,  both 
rs/r and Q s / Q  should equal 1, whereas the above value of A,, l eads  t o  
rs/r = 0.874 a t  
for judging the  e r r o r  t h a t  might a r i s e  from the  use of assumption 2.  

Qs/Q = 1. This 13-percent discrepancy can be used as a b a s i s  

The t h i r d  assumption i s  imposed la rge ly  fo r  reasons of mathematical 
expediency and leads t o  s impl i f ica t ion  i n  the  ana lys i s  of t he  viscous flow of 
the  t h i n  layer  of melted mater ia l  covering t h e  s o l i d .  The presence of meteor- 
oid r o t a t i o n  or o s c i l l a t i o n  about an a x i s  not a l ined  with the f l i g h t  d i r ec t ion  
i s  denied by t h i s  assumption. Such motion might be expected f o r  about one- 
t h i r d  of a random sample of meteoroids; however, the  amount of s c a t t e r  i n  t h e  
r e s u l t s  due t o  t h i s  assumption i s  unknown. 

The fou r th  assumption i s  a statement of t he  modes of ab la t ion  of t he  
s o l i d  core t h a t  a r e  considered i n  the  present  inves t iga t ion .  The last  assump- 
t i o n ,  regarding the  composition of t he  meteoroid, supplies necessary input f o r  
t he  ca lcu la t ions .  Most of t h e  r e s u l t s  a r e  based on mater ia l  p roper t ies  appro- 
p r i a t e  for carbonaceous chondri tes .  However, the  e f f e c t  on t h e  ca lcu la t ions  
of va r i a t ions  i n  proper t ies  has been invest igated.  It has been found t h a t  t h e  
values of luminous e f f ic iency  f ac to r  and meteoroid mean density computed a r e  
e s s e n t i a l l y  unchanged when proper t ies  appropriate f o r  ordinary chondrites are 
assumed, although higher surface temperatures r e s u l t .  
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The implications of t h e  geometrical assumptions should perhaps be f u r t h e r  
i l l u s t r a t e d .  For most of t h e  meteor data t o  which our a b l a t i o n  model has been 
applied,  t h e  value of t h e  computed r a t i o  of r a d i i  
0.8. It i s  of i n t e r e s t  t o  determine t h e  changes i n  shape that correspond t o  
v a r i a t i o n s  of t h i s  r a t i o  as w e l l  as changes i n  t h e  shape f a c t o r  S, defined 
i n  equation ( 4 ) .  For that purpose it i s  expedient t o  make add i t iona l  geomet- 
r i c  assumptions. However, it i s  worth noting that  these  add i t iona l  assump- 
t i o n s  are made only f o r  purposes of i l l u s t r a t i o n  and a r e  not necessary f o r  
app l i ca t ion  of t h e  a b l a t i o n  model t o  meteor da t a .  

rs/r l i e s  between 0.3 and 

Since t h e  f r o n t a l  area i s  assumed t o  be c i r c u l a r ,  equation ( 4 )  can be 
rearranged i n  t h e  form 

Q = (&y’2 
or  

where S n  i s  t h e  shape f a c t o r  for a hemisphere 

The construction of shapes corre- 
sponding t o  various shape f a c t o r s  and 
r a t i o s  of r a d i i  rs/r i s  g r e a t l y  s i m -  
p l i f i e d  with the  assumptions of a x i a l  
symmetry and sphe r i ca l  ends on the  
s o l i d  and f r o t h  cy l inders  as i l l u s -  
t r a t e d  i n  f i g u r e  18. 
volume of t h e  s o l i d  can be wr i t t en  

I n  t h a t  case t h e  

Q S = mzls 

Combining t h i s  wi th  equation (A3)  and 
rearranging y i e l d s  

(A4) 
LE=.(-) SFI-, 312 Q~/Q 
r 3 SF <.,/d2 

Similarly,  t h e  t o t a l  volume i s  
given by 

Figure 18.- Sketch of circular cylinders with 

tation of model geometrical relations. 
spherical ends used in alternative interpre- Q = m21f - f i rE(Zf  - 2,) 



Combination with equation (A3) and subs t i t u t ion  of equation (Ab) leads t o  

The r e l a t i o n  a r i s i n g  from assumption 2 given i n  equation (A2)  can be 
rearranged i n  t h e  form 

S F = 3 . 0 5  SF=1.919 SF = 1.208 

Froth 

Froth 

Froth 

Froth 

Solid 

Figure 19.- Sketches of axially symmetric shapes 
corresponding to various values of shape fac- 
tor SF and ratio of solid to total volume 
Qs/Q when the front face is a hemisphere. 

(The value 
the  ana lys i s  of meteor data has been 
inser ted .) 
equations (Ab) and (A5) leads t o  t h e  
r e l a t i o n s  

A,, = (2/3)'i3 used i n  

Subs t i tu t ion  of t h i s  i n t o  

and 

Figure 19 shows the a x i a l l y  sym- 
metric shapes w i t h  spherical  ends 
corresponding t o  various shape fac-  
t o r s  SF and various r a t i o s  of s o l i d  
volume t o  t o t a l  volume QJQ. m e  
sketches a r e  generated from equa- 
t i o n s  (A6) t o  (A8) w i t h  the  added con- 
d i t i on ,  nose radius  rn equal t o  
base radius  r .  The column of t h ree  
sketches on the  r i g h t  corresponds t o  
a shape f ac to r  SF = 1.208, which i s  
the  same as that of a sphere. The 
shape f a c t o r  SF = 1.919 of t h e  m i d -  
d l e  column i s  the same as that of a 

hemisphere, while the value 
might be termed a t h i n  s h e l l .  The three  sketches i n  t h e  top row correspond 
t o  a r a t i o  of s o l i d  t o  t o t a l  volume 
rows correspond t o  Qs/Q = 0.1875 and 0.768, respect ively.  
meteors analyzed were found t o  f a l l  i n  t h e  range of Qs/Q covered here .  The 

SF = 3-03 of the  l e f t  column corresponds t o  w h a t  

Qs/& = 0.0405. The middle and bottom 
Most of t h e  
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dotted l i n e s  i n  t h e  middle row of sketches show poss ib le  rearrangements of t h e  
r e a r  shapes t h a t  a r e  allowed within t h e  set of assumptions f o r  t he  ab la t ion  
model previously l i s t e d .  A s  far as the  geometrical assumptions of t h e  model 
are concerned, even nonaxisymmetric rearrangements of s o l i d  and f r o t h  volumes 
are allowed as long as t h e  r e l a t i v e  values of t he  volumes are not changed and 
the  f r o n t  faces  a r e  not a l t e r e d .  

Other allowed shape changes are i l l u s t r a t e d  by the  f a c t  t h a t  f o r  t he  m i d -  
d l e  column t h e  f r o t h  and so l id  volumes could be packed within a hemisphere 
without a l t e r i n g  t h e  r e s u l t s  from analys is  of meteor da ta .  Similar ly ,  t he  
volumes i n  t h e  r i g h t  column could be f i t  i n t o  spheres without a l t e r i n g  r e s u l t s  

r s  

QS 

_ -  - . 3  

- = .0405 Q 

r S  

QS 

=.5 

- =. 1875 Q 

r S  =.8  

Qs - = .768 Q 

- 

based on a spher ica l  shape f a c t o r .  
The middle column corresponds t o  
t h e  value of shape f ac to r  used i n  
most of t h e  ca lcu la t ions  i n  t h i s  
r epor t ,  although the  e f f e c t  of a 
change i n  shape f ac to r  i s  inves t i -  
gated.  The r a t i o  of volumes 
Q s / Q  i s  determined a t  each point  
on the  t r a j e c t o r y  of each meteor 
from t h e  meteor data  with the  a i d  
of t h e  assumptions of t he  model. 

rn -:I 

Figure 20 i l l u s t r a t e s  t he  
e f f e c t  on t h e  geometry of changes 
i n  t h e  r a t i o  of nose radius  t o  
the  radius  of t h e  f r o n t a l  a rea  
rn/r. Again, rearrangements of 
t h e  volumes a r e  allowed t h a t  pre-  
serve the  f r o n t  faces  as shown. 
The r i g h t  column with the  hemi- 
spher ica l  f r o n t  face corresponds 
t o  t h e  r a t i o  rn/r = 1 used i n  
most of t h e  ca lcu la t ions ,  but  the 
e f f e c t  of varying the  r a t i o  i s  
invest igated.  

N e x t  we s h a l l  derive or l i s t  
t he  major mathematical r e l a t i o n s  
generated from t h e  ab la t ion  model. 

Figure 20.- Axially symmetric shapes corresponding Auxiliary equations a r i s i n g  from 
t h e  aerodynamic and mater ia l  
property l a w s  are given i n  
appendixes B and C .  

to various degrees of nose bluntness and ratios 
of so l id  to total volume (SF = 1.919). 

Subst i tut ing Q = m / b  i n t o  equation (A3)  leads t o  

s 112 

= (&y3 (2) ($y3 
Equation ( A l )  can be wr i t t en  

r n  = Arnr 
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If values of t h e  shape f a c t o r  SF and geometric parameter A,, a r e  assigned 
and t h e  meteoroid mass m and mean density pm are known, the  r ad ius  of t h e  
f r o n t a l  a r e a  r and nose r ad ius  r, can be computed from these  equations. 

The r e l a t i o n  

PmQ = PmsQs + Pmf(Q - Q S )  

expresses t h e  f a c t  t h a t  t h e  t o t a l  meteorodd mss i s  equal t o  the  sum of t h e  
masses of t h e  s o l i d  and f r o t h  p a r t s .  Rearrangement l eads  t o  

f'm - pmf QS 

Q pms - pmf 
- _ -  

and subs t i t u t ing  t h i s  i n t o  equation (A2)  y i e l d s  

If values of t h e  f r o t h  dens i ty  pms, and geometric param- 
e t e r  A,, a r e  assigned, t h e  rad ius  rs  of t he  f r o n t a l  a r ea  of t he  s o l i d  can 
be computed when r and & a r e  known. 

pmf, s o l i d  dens i ty  

The formula 

a r i s e s  from t h e  equa l i ty  of t he  t o t a l  meteoroid volume t o  t h e  sum of t h e  
volumes of t h e  s o l i d  and f r o t h  p a r t s .  D i f f e ren t i a t ion  and rearrangement l eads  
t o  the  expression 

which r e l a t e s  t h e  r a t e  of melting of t h e  so l id  mass t o  values and de r iva t ives  
of m and 

Combining equations (A9)  and ( A l l )  with the  value S n  = (9fi/4)lI3 
in se r t ed  leads  t o  t h e  equation 

f o r  the f r o n t a l  area of the s o l i d  core.  The r a t e  of melting of t h e  s o l i d  core 
per u n i t  a rea  and time i s  given by 

u s = - -  fiS 
AS 

Subs t i tu t ing  equations (A12) and ( A l 3 )  i n t o  t h i s  and rearranging leads  t o  
equation (7) of t h e  t e x t .  
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For use i n  appendix B the  r e l a t i o n  

i s  derived by combination of equations (Ag) and (A10) with the  value 
S m  = (9fi/4) i n se r t ed .  
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APPENDIX B 

VISCOUS FLOW EQUATIONS 

The r e l a t i o n s  governing t h e  viscous flow of t h e  melted material covering 
t h e  f r o n t  face  of t h e  s o l i d  a r e  presented here i n  a form applicable t o  analy- 
sis  of a r c - j e t  t e s t s  as w e l l  as meteors. 
consideration i s  shown i n  f igu re  2. 

The configuration under 

Basic Relations 

An expression f o r  t h e  conservation of mass with respec t  t o  an  annular 
con t ro l  surface a t  t h e  shoulder of t h e  s o l i d  can be w r i t t e n  

r a t e  of recess ion  of t h e  s o l i d  surface a t  t h e  stagnation po in t  

surface temperature a t  the  stagnation po in t  

t angen t i a l  surface ve loc i ty  of t h e  m e l t  a t  t h e  con t ro l  surface 

thickness of t h e  melted l aye r  a t  t h e  con t ro l  surface 

f a c t o r  t o  allow f o r  (1) nonl inear i ty  of t h e  ve loc i ty  p r o f i l e  a t  the  
cont ro l  surface,  (2 )  nonuniformity of t h e  recess ion  r a t e ,  and 
(3) nonunif ormity of t he  surface temperature 

r a t e  of evaporation per u n i t  a r ea  

The s t ruc tu re  of equation (Bl) can be understood i f  
Then t h e  l e f t  s ide  represents  t he  r a t e  of production of melted ma te r i a l  per  
un i t  a rea ,  considered uniform on t h e  e n t i r e  f r o n t  face  covering the  s o l i d .  
The f i r s t  term on the r i g h t  represents  t h e  r a t e  of flow of f r o t h  through t h e  
annular con t ro l  surface a t  t h e  shoulder of t he  s o l i d  divided by t h e  f r o n t a l  
a r e a  of t h e  s o l i d ,  %r$. 
u n i t  a rea ,  considered uniform over t h e  f r o n t a l  a r ea .  

g,(T) i s  s e t  equal t o  1. 

The last  term represents  t h e  r a t e  of evaporation p e r  

A question a r i s e s  as t o  whether t h e  mass flow through the  con t ro l  surface 
( the  f i r s t  t e r m  on the  r i g h t )  should be based on t h e  density of t he  s o l i d  pms 
or t h e  f r o t h  dens i ty  4nf. I n  t h e  a r c - j e t  tes ts ,  t h e  condition of t h e  models 
a f t e r  t h e  t e s t s  ind ica ted  t h e  material t o  be f ro thed  i n  t h i s  region. However, 
t h i s  may be due t o  t h e  sudden drop i n  pressure  r e s u l t i n g  from turn ing  off t h e  
airstream at t h e  end of t h e  t e s t .  I n  checking equation (Bl) agains t  t he  a rc-  
j e t  t e s t s ,  t h i s  uncer ta in ty  i s  not important because t h e  combination 
i s  a measure of mass per  u n i t  a r ea  which can be determined unambiguously 

pmf6, 
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whether t h e  f ro th ing  occurred during or  a f t e r  t he  t e s t .  
of t h e  equation t o  meteor da ta ,  it w i l l  be seen t h a t  pmf and 6, are elimi- 
nated by combination with the  other conservation equations. Therefore, t he  
value of t h e  densi ty  assigned f o r  t h e  flow i n  t h i s  region i s  immaterial as 
long as t h e  same value i s  used cons is ten t ly  i n  the  other  conservation 
r e l a t ions .  

A l s o ,  i n  appl ica t ion  

The momentum equation a t  the  con t ro l  surface a t  t h e  shoulder of t h e  s o l i d  
can be wr i t t en  

where 

pf (T)  

g2 

v iscos i ty  of t h e  f r o t h  evaluated a t  t h e  stagnation-point temperature 

f a c t o r  t o  allow f o r  t h e  nonl inear i ty  of t he  ve loc i ty  p r o f i l e  and 
nonuniformity of t he  temperature 

sk in - f r i c t ion  coe f f i c i en t  CF 

The v iscos i ty  of t h e  f r o t h  i s  used here t o  be cons is ten t  with the  use of t he  
f r o t h  densi ty  i n  the  previous equation. A value of g2 = l w o u l d  correspond 
t o  a l i nea r  ve loc i ty  p r o f i l e .  A value of 
molecule flow, but  departures from t h i s  condition occur i n  the  ana lys i s  of t he  
meteor data  i n  reference 5 .  
of t h e  a r c - j e t  tes ts  reported i n  reference 14 l e d  t o  a predic t ion  of values of 
v i scos i ty  cons is ten t  with independent measurements. 
measurements beyond those reported i n  reference 14 were made by Charles 
Shepard a t  Ames Research Center f o r  t h i s  purpose. 

CF = 2 would correspond t o  f r e e  

The appl ica t ion  of equation (B2) t o  t h e  r e s u l t s  

Additional unpublished 

An energy equation can be wr i t t en  f o r  a steady s t a t e  with t h e  assumption 
of uniform conditions over t h e  f r o n t a l  a rea  of t he  so l id  i n  the  form 

- -~msj , i fg3 - 
where 

f f  heat per  u n i t  mass required t o  heat and melt the  v i rg in  mater ia l  

g3 f ac to r  t o  allow f o r  correct ion of nonuniformities and nonl inear i t ies  

k thermal conductivity 

Tf temperature of fus ion  

ZFp t o  t h e  present ,  t h e  correct ion f ac to r  g3  has been s e t  equal t o  1 f o r  
ana lys i s  of meteor da ta .  
a r c - j e t  t e s t s  ranging up t o  about 2000O K. 
measured with su f f i c i en t  prec is ion  t o  check these  pred ic t ions  accurately.  

Equation (B3) p red ic t s  surface temperatures i n  the  
The surface temperatures were not 

It 
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has been checked t h a t  a s teady-state  equation of the  above type i s  a 
reasonable approximation f o r  t he  v i s i b l e  p a r t  of meteor t r a j e c t o r i e s  i f  the  
meteoroids involved are stone. 

For appl ica t ion  t o  meteor data ,  equations ( B l )  t o  (B3) are combined t o  
eliminate uc and 6, i n  t h e  form 

where 

Available information on t h e  proper t ies  of stone a t  elevated temperatures 
appl ies  t o  t h e  unfrothed l i q u i d  s t a t e .  We have assumed t h a t  the  thermal con- 
duc t iv i ty  of t h e  f r o t h  i s  approximately the  same as tha t  of t h e  l i q u i d  because 
of t he  conductivity of vapor i n  t h e  bubbles. The v iscos i ty  of the  f r o t h  i s  
expected t o  be lower than t h a t  of t he  l i qu id ,  and we have assumed 

Equation (8) of t h e  ana lys i s  sect ion follows from equation (B4) by subs t i tu -  
t i o n  of equations ( A l 5 )  and (B6) and the  r e l a t i o n  

S 
Q& = - w  

Correction Factor f o r  Nonlinear Velocity P ro f i l e  

The contr ibut ion of t h e  nonl inear i ty  of t h e  ve loc i ty  p r o f i l e  t o  t h e  
correct ion f a c t o r  can be determined by s e t t i n g  

" 0  

and 

where 
i n  t h e  p r o f i l e .  If replacements according t o  these r e l a t ions  were made i n  
equations ( B l )  and (B2), they would then be 

u(y)  and T"(y) are the  f l u i d  ve loc i ty  and temperature a t  any point  y 

of t h e  p r o f i l e .  By p a r t i a l  in tegra t ion  and 
be wr i t t en  

exact with respect  t o  nonl inear i ty  
rearrangement, equation (B8)  can 
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If equation (B9)  i s  subs t i t u t ed  i n t o  t h i s ,  t h e  r e l a t i o n  

can be derived. 

I n  accord with reference 21 t h e  v i s c o s i t y  l a w  i s  taken t o  be of t h e  form 

The temperature p r o f i l e  i s  assumed t o  be l i n e a r  so that 

Subs t i tu t ing  t h e  las t  two r e l a t i o n s  i n t o  equations ( B 1 0 )  and ( B 5 )  with g, = 1 
y i e l d s  

where 

I n  t h e  machine program, G i s  evaluated by 10-point Gaussian quadrature with 
t h e  i n t e r v a l  of i n t eg ra t ion  divided i n t o  two p a r t s .  

Correction t o  Account f o r  t h e  Ef fec t s  of a Pressure Gradient 
and Meteoroid Acceleration 

I n  t h e  present  no ta t ion ,  equation (9) of reference 12  can be wr i t t en  

where 

The f irst  term i n  P l l  
flow due t o  a pressure  grad ien t  and t h e  second term provides an  estimate of 
t h e  reduction i n  mass removal r a t e  due t o  t h e  meteoroid acce le ra t ion .  
S t r i c t l y ,  equation ( B 1 4 )  app l i e s  only a t  the  s tagnat ion  p o i n t ,  but t o  estimate 
t h e  e f f e c t s  under inves t iga t ion  we s h a l l  apply it up t o  t h e  con t ro l  surface a t  
t h e  shoulder of t h e  s o l i d  inner core.  
x = 0 t o  t h e  c o n t r o l  surface a t  

i s  assoc ia ted  with t h e  augmentation of t he  viscous 

In t eg ra t ion  of equation (B14)  from 
x x rs y i e l d s  
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Equation (B2) follows from t h i s  equation i f  t h e  second t e r m  i s  neglected, p 
i s  considered constant i n  t h e  i n t e g r a l  over y,  and with t h e  subs t i t u t ion  

The same operation applied t o  both  terms of equation ( B 1 6 ) ,  with 
replaced by (2/3)p& 

m/A 
i n  equation ( B l 5 )  , l eads  t o  

Comparison of equations (B2) and ( ~ 1 8 )  shows that t h e  cor rec t ion  under 
consideration can be imposed i f  CF i s  replaced w i t h  

Values of 6, computed from the meteor data w i t h  t he  a i d  of equations (B3) 
and (B7) a r e  l e s s  than  
r n  > 4X10-3 meter f o r  t h e  meteors analyzed. 
cor rec t ion  from t h e  pressure  t e r m  alone i s  26,/(CFrn) < 1/4. When the  acce l -  
e r a t i o n  term i s  included, t h e  cor rec t ion  term i s  -19/32, which i s  numerically 
l a r g e r .  I n  t h e  l a t t e r  case t h e  quant i ty  i n  bracke ts  i s  13/32 r a t h e r  than 1 .O 
as it i s  i n  the  absence of pressure  grad ien t  and acce le ra t ion  e f f e c t s .  I n  
other words, 

meter. Also, CF > 0.2, P m s / h  < 9, 
With these  extreme values the  

The cor rec t ion  represented by equation (B19) has not been applied i n  the 
analyses of meteor da ta  of t h i s  r e p o r t .  However, an estimate of t h e  e r r o r  
from omission of t h e  co r rec t ion  can be obtained from equation (17) s impl i f ied  
t o  

-314 
Top CF (B21) 

Thus a change i n  
increase t h e  computed value of -rap by the  f a c t o r  (13/32)-3’4 = 1.965. Most 
of t h e  computed values of 

T~~ 
would not receive so l a rge  a cor rec t ion  since 

t h i s  value i s  extreme. However, some of t he  s c a t t e r  i n  t h e  r e s u l t s  may be due 
t o  omission of t h e  co r rec t ion .  

CF by the  f a c t o r  13/32 indicated by equation (B2O) would 

Comparison W i t h  Another Calculation Method 

The ove ra l l  accuracy of t h e  foregoing approximate procedure has been 
checked by comparison w i t h  r e s u l t s  from t h e  more ex& methods of reference 12. 
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This w a s  done by constructing a r t i f i c i a l  meteor da t a  (values of 
m along a t r a j e c t o r y )  using t h e  machine program described i n  reference 12 .  
The machine program of t h e  present  r epor t  w a s  then  used t o  analyze that da ta  
wi th  set equal t o  pms and other material p rope r t i e s  equated. Only one 
s t ep  of t h e  i t e r a t i o n  described i n  t h e  ana lys i s  s ec t ion  w a s  performed because 
t h e  r e s u l t  of t h e  comparison rests on whether t h e  value of R from equa- 
t i o n  (12) i s  equal t o  l i n  t h e  f i rs t  pass .  For t h e  cases considered, t h e  
values of R computed d i f f e red  from 1 by less than  20 percent .  This ind i -  
c a t e s  that  f o r  a meteor t h e  luminous e f f i c i ency  computed i s  expected t o  be i n  
e r r o r  by l e s s  t han  10 percent due t o  t h e  use of t h e  mathematical approxima- 
t i o n s  described i n  t h i s  and t h e  next appendix. It i s  t o  be noted that t h e  
approximations lead  t o  a considerable reduction i n  t h e  machine computing time 
required t o  analyze t h e  da ta  of la rge  numbers of meteors. I n  addi t ion ,  it i s  
not known whether a more e labora te  a b l a t i o n  model leading t o  the  evaluation of 
t h e  luminous e f f i c i ency  from meteor da ta  i s  f e a s i b l e .  

h,  V, $, and 
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APPENDIX C 

AUXILIARY RELATIONS .FROM AEZODYNAMIC AND PROPERTY IAWS 

Aerodynamic Relations 

The drag c o e f f i c i e n t  CD i n  equation (6) i s  evaluated by t h e  formula 

-l.837X106 - 
C D = l + e  p r  

taken from reference 12. The a i r  dens i ty  p and i t s  r a t i o  t o  t h e  sea l e v e l  
value 'is a r e  evaluated according t o  reference 11. 

The temperature T a t  t h e  stagnation po in t  i s  found by i t e r a t i v e  solu- 
t i o n  of t h e  energy balance r e l a t i o n  

where 

hea t - t ransfer  c o e f f i c i e n t  CH 

E surface emiss iv i ty  

heat per  u n i t  mass required t o  hea t ,  melt, and vaporize the  so l id  5, 
Cms f r a c t i o n  of s o l i d  tha t  vaporizes r e a d i l y  or  i s  explosively spa l led  as 

it reaches t h e  surface 

U(T) r a t e  of vaporization (eq.  ( c ~ o ) )  

heat per u n i t  mass required t o  hea t  and melt t he  s o l i d  

r a t e  of melting of s o l i d  core mass per  u n i t  a r ea  and time (eq .  ( A 1 4 ) )  

[f 

W S  

The term on t h e  l e f t  i s  the  heat input from the  a i r s t ream.  The f irst  term on 
t h e  r i g h t  represents  t h e  heat l o s s  due t o  surface r a d i a t i o n  and the  second 
term, t h e  hea t  u t i l i z e d  i n  vaporization of t h e  r e f r ac to ry  p a r t  of t h e  material 
The las t  term allows f o r  t he  presence of a v o l a t i l e  component such as water 
t h a t  w i l l  evaporate r e a d i l y  when it reaches t h e  surface and which has a negli-  
g i b l e  l a t e n t  heat of vaporization a f t e r  being heated t o  t h e  melting po in t  of 
t h e  s o l i d .  A f r a c t i o n  of t h e  remaining r e f r ac to ry  ma te r i a l  might a l s o  be 
ca r r i ed  off by t h e  bo i l ing  a c t i o n  from the v o l a t i l e  components. The ca lcu la-  
t i o n s  of th i s  r epor t  a r e  based on the  p rope r t i e s  of carbonaceous chondrites 
which contain as much as 20-percent water. However, a majority of such 
meteorites conta in  less than  20-percent water and we have adopted a value of 
cms = 0.15. 
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The vaporization term containing W(T) i s  dominant i n  the  ca lcu la t ions  
f o r  t h e  meteors of reference 5 .  Because of t he  s teep temperature dependence 
of that term, t h e  temperature computed from equation (C2) i s  in sens i t i ve  t o  
the  values of a l l  parameters appearing i n  it except those involved i n  t h e  
func t iona l  form of W ( T )  i t se l f .  
parameters assigned i n  t a b l e  I an increase i n  CH or a decrease i n  f v  by a 
f ac to r  of 2 increases  the  temperature computed by less than 600 K. 
t h e  parameter E or C,, 
e f f e c t .  For t h e  ca lcu la t ions  i n  t h i s  repor t  we  have set E = 0.6, 
5, = 8 . 5 1 ~ 1 0 ~  (m/sec)2 and Cf = 1 . 8 8 4 ~ 1 0 ~  (m/sec)2. The values of a l l  
parameters are l i s t e d  i n  t a b l e  I. 

For example, it can be shown t h a t  with the  

Changes i n  
i n  equation (C2) by a f a c t o r  of 2 would have l e s s  

The addi t iona l  terms (1 - Cms)CfWs - <fw(T) would be required i n  equa- 
t i o n  (C2) f o r  computing an average temperature over t he  e n t i r e  so l id  f r o n t a l  
a rea .  This would account f o r  t he  f r a c t i o n  of the input energy u t i l i z e d  t o  
heat and m e l t  t h e  so l id  mater ia l  removed by the  viscous flow. The r e su l t i ng  
decrease i n  temperature below t h a t  computed from equation (C2) i s  not evalu- 
a t ed  i n  the  present  model. However, t he  e f f e c t  can be accounted f o r  approxi- 
mately by s e t t i n g  Cms i n  equation (C2) equal t o  an  a r t i f i c i a l l y  la rge  value.  
The i n s e n s i t i v i t y  of t he  r e s u l t s  t o  an  increase of 
above the  assigned value i s  considered t o  be an ind ica t ion  that computation of 
t h e  temperature drop i s  not e s s e n t i a l .  

Cms by a fac tor  of 2 

The hea t - t ransfer  coef f ic ien t  CH i s  evaluated by formulas taken from 
references 7 and 12 as follows: 

a 1 .  - - -  cvpv El + 
‘Hcvu -= 

‘vW ) exp + I, d d r 4  + 
a V 2  

The u n i t s  i n  t h i s  repor t  a r e  MKS except where noted. Values of t he  required 
parameters used i n  the  calculat ions are l i s t e d  i n  t ab le  I. The quant i ty  
CHcvu 
of ab la t ion  vapor. It i s  not necessary t o  include the  rad ia t ive  hea t - t ransfer  
coef f ic ien ts  C H ~ ~  (equilibrium) and C H ~ ~  (nonequilibrium) f o r  t he  ana lys i s  of 
meteors corresponding t o  meteoroids below 1 gram i n  mass. 
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i s  a convective hea t - t ransfer  coef f ic ien t  t h a t  allows for t h e  presence 

These terms 



contribute s i g n i f i c a n t l y  only i n  the  case of b r igh t  meteors. 
a bridging formula appl icable  i n  the  e n t i r e  range of continuum, t r a n s i t i o n ,  
and f r e e  molecule flow. T h i s  r e l a t i o n ,  taken from reference 7, compares favor- 
ab ly  with a bridging formula derived i n  reference 12 .  
super-Schmidt meteor da ta  of reference 5, values of 
1.0 were computed. 

Equation (C7) i s  

I n  the  ana lys i s  of t he  
CH ranging from 0.1 t o  

The rate of vaporization per  u n i t  mass f o r  f r e e  molecule flow 9~ i s  
given by t h e  kngmuir equation 

where 

M molecular weight 

p,(T) equilibrium vapor pressure  (eq.  (C11)) 

When governed by d i f fus ion  i n  t h e  presence of a viscous boundary l aye r ,  t h e  
r a t e  of vaporization can be approximated by 

Wd = 

v[, - S] 
which i s  a modified form of a r e l a t i o n  given i n  reference 12.  

A bridging formula f o r  t h e  general  case derived i n  reference 12  i s  t h e  
r e l a t i o n  

The equilibrium vapor pressure i n  equations ( C 8 )  and (Cg) i s  given by 

When pv(T) approaches t h e  Newtonian pressure popV2 i n  equation (C9), t h e  
cont r ibu t ion  of t h e  d i f fus ion  term i n  equation (‘210) goes t o  zero. 
pv(T) exceeds popV2, t h e  d i f fus ion  term i s  omitted. 
cussed following equation ( C 2 )  t h e  computed temperature i s  in sens i t i ve  t o  the 
molecular weight assigned. The value adopted i s  M = 0.03985 kg/mole. The 
most c r i t i c a l  l i n k  i n  t h e  evaluation of 
T i s  t h e  equilibrium vapor pressure  l a w  (eq .  ( C l l ) ) ,  which i s  discussed a t  
t h e  end of t h i s  appendix. 

When 
For t h e  reasons d i s -  

w(T) and t h e  s tagnat ion  temperature 

Allowance i s  made i n  equation ( C 2 )  f o r  r ap id  evaporation or explosive 
spa l l i ng  of a f r a c t i o n  Cms of t h e  so l id  ma te r i a l  as it reaches t h e  sur face .  
The t o t a l  r a t e  of evaporation pe r  u n i t  a rea  by t h i s  means and by vaporization 
of t h e  remaining more r e f r ac to ry  component i s  given by 
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N 

w = w + h S W S  

Since 
t h e  choice of Cms must be considered again i n  t h a t  connection. However, 
from t h e  r e s u l t s  of a n  inves t iga t ion  similar t o  t h a t  leading t o  equations (16) 
and (17) it can be shown t h a t  an increase of by a f a c t o r  of 2 would l ead  
t o  an e r r o r  of less than  20 percent  i n  t h e  computed luminous e f f i c i ency  f a c t o r .  
This f ind ing  depends p a r t l y  on t h e  choice of other parameters. With t h e  
parameters assigned i n  t a b l e  I t h e  ca l cu la t ions  ind ica t e  that f o r  t h e  meteors 
analyzed t h e  f r a c t i o n  of t he  s o l i d  evaporated i s  less t h a n  25 percent of that 
removed by viscous flow. 

6 appears i n  t h e  viscous flow equation (8),  t h e  e f f e c t  of an  e r r o r  i n  

C,, 

This f ind ing  c o n f l i c t s  with the  conclusion reached by 6pik ( r e f .  3) t h a t  
s o l i d  stone meteoroids would evaporate r a t h e r  than  a b l a t e  by viscous flow. 
The d i f fe rence  a r i s e s  p a r t l y  from t h e  added t e r m  l/wd i n  equation ((210) which 
o f t en  leads  t o  a reduction i n  t h e  evaporation r a t e  below that computed by G i k  
based on equation ( ~ 8 )  alone. 
a n  order of magnitude below h i k ' s  value as indica ted  i n  the  discussion at t h e  
end of t h i s  appendix. 
would correspond t o  a b l a t i o n  by vaporization alone and viscous flow alone. If 
t h e  la t ter  exceeds t h e  former, he assumes that vaporization w i l l  dominate. 
However, i f  bo th  a b l a t i o n  processes were considered simultaneously, a surface 
temperature below e i t h e r  of those computed would apply. A reduction i n  tem- 
pe ra tu re  leads  t o  a much g rea t e r  decrease i n  t h e  rate of vaporization than  i n  
t h e  ab la t ion  due t o  viscous flow. A s  a r e s u l t ,  we  f i n d  that e f f i c i e n t  vapor- 
i z a t i o n  of stone or i r o n  can occur only i f  t h e  sca l e  i s  such t h a t  ab la t ion  by 
viscous flow i s  impeded by surface tension. 

The v i scos i ty  used i n  our ca lcu la t ions  i s  a l s o  

Further,  8pik computes the  surface temperatures t h a t  

I n  reference 12 t h e  sk in - f r i c t ion  coe f f i c i en t  f o r  continuum flow i s  de te r -  
mined by a Reynolds analogy between energy t r a n s f e r  and momentum t r a n s f e r  and 
i s  given by 

where p21 i s  t h e  dens i ty  r a t i o  across a normal shock and C H ~ ~  i s  t h e  con- 
vective hea t - t r ans fe r  c o e f f i c i e n t  given i n  equation ( C 3 ) .  
t i o n s  i n  t h i s  r epor t ,  we have s e t  p21 = 9. A bridging formula analogous t o  
equation ( ~ 7 )  i s  

For the  calcula- 

This r e l a t i o n  y i e l d s  t h e  co r rec t  t angen t i a l  fo rce  coe f f i c i en t  f o r  f r e e  
molecule flow, CF = 2,  when C h  becomes l a rge .  

Viscosity and Vapor Pressure Laws 

The assignment of ma te r i a l  p rope r t i e s  f o r  ana lys i s  of meteor da ta  i n  
t h i s  r epor t  i s  based on information contained i n  references 3, 15, 21, and 22 
as we l l  as unpublished experimental measurements. The p rope r t i e s  of carbona- 
ceous chondrites and ordinary chondrites were considered t o  be of primary 
i n t e r e s t .  Information on the  p rope r t i e s  of such material w a s  contributed by 
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Dean Chapman and Klaus K e i l  of t h e  
h e s  Research Center. The vapor 
pressure  of an  e n s t a t i t e  achon- 
d r i t e  w a s  measured by Frank 
Cen tohnz i  a t  Ames Research Center. 
The vapor pressure  of a synthe t ic  
carbonaceous chondrite ma te r i a l  
prepared by Klaus K e i l  w a s  mea- 
sured by Norman Zimmerman a t  Ames. 
Viscosity,  thermal conductivity,  
and heat capacity were measured by 
t h e  Corning G l a s s  Company as p a r t  
of a l a rge r  cont rac t  monitored by 
Frank Centolanzi. 

Figure 2 1  shows t h e  v i s c o s i t y  
of various stones and i r o n  as a 
func t ion  of temperature. Accord- 
ing t o  reference 21? log p i s  
expected t o  depend l i n e a r l y  on t h e  
inverse of t h e  t e q e r a t u r e .  The 
f u l l  l i n e  ind ica t e s  t h e  v i scos i ty  
considered t o  be representa t ive  of 
carbonaceous chondrite.  The small 
c i r c l e s  a r e  experimental data 
p o i n t s .  A slope intermediate 
between that of i r o n  and b a s a l t  
w a s  adopted. We have taken t h e  
dashed l i n e  near 6pik's values f o r  
b a s a l t  t o  be representa t ive  of 
ordinary chondrites.  The values 
of t h e  parameters appearing i n  
equation (B11) based on the  f u l l  
l i n e  curve w i t h  
a r e  Cp = 1.525X10-8 (MKS) and 
i = 14,8000 K f o r  carbonaceous 
chondrites.  From t h e  dashed l i n e  
Cp = 1.655X10-9 and i = 23,030° K 
f o r  ordinary chondrites.  The c a l -  
cu la t ions  i n  t h i s  r epor t  a r e  based 
on t h e  p rope r t i e s  of carbonaceous 
chondrites (the f u l l  l i n e  i n  f i g -  
ure 21) .  
r e s u l t s  of poss ib le  e r r o r s  from 
t h i s  choice i s  discussed i n  t h e  
Results and Discussion sec t ion .  

pms = 2,800 kg/m3 

The e f f e c t  on t h e  

Figure 22 shows t h e  equ i l ib -  
r i u m  vapor pressure  pv as a 
func t ion  of temperature f o r  sev- 
e r a l  ma te r i a l s .  From thermody- 
namic considerations log  pv i s  



expected t o  depend l i n e a r l y  on t h e  inverse of temperature with t h e  negative 
slope propor t iona l  t o  t h e  l a t e n t  hea t  of vaporization (ref 23). 
represent  unpublished experimental measurements of t h e  vapor pressure of a syn- 
t h e t i c  carbonaceous chondrite ma te r i a l .  Because of t h e  v o l a t i l i t y  of some com- 
ponents of t h e  mixture, it w a s  considered advisable t o  allow f o r  rap id  
evaporation of a f r a c t i o n  of t h e  ma te r i a l  and adopt a lower vapor pressure  f o r  
t h e  remaining more r e f r ac to ry  p a r t .  The vapor pressure  f o r  carbonaceous chon- 
d r i t e s  w a s  t he re fo re  taken t o  be intermediate between t h e  measurements and t h e  
values f o r  ordinary chondrites as shown by t h e  f u l l  l i n e .  The vapor pressure  
adopted f o r  ordinary chondrites i s  shown by t h e  dashed l i n e .  The square da ta  
po in t  represents  a measurement of a sample from a n  e n s t a t i t e  achondrite wi th  
t h e  slope e s t ab l i shed  by comparison wi th  measurements of similar terrestrial  
ma te r i a l s  not shown on t h e  f i g u r e .  The broken l i n e  labe led  cometary meteor- 
o ids  i s  t h e  vapor pressure  used i n  reference 4 t o  compute the  luminous e f f i -  
ciency from meteor da t a .  The small slope w a s  used t o  br ing  r e s u l t s  from 
b r i g h t  meteor da ta  i n t o  agreement with the  super-Schmidt da ta .  However, t he  
r e s u l t i n g  low meteoroid mean d e n s i t i e s  f o r  b r i g h t  meteors a r e  not now consid- 
ered r e a l i s t i c  f o r  such l a rge  objec ts  on t h e  b a s i s  of t h e  a r c - j e t  t e s t s  
described i n  reference 1 4 .  

The c i r c l e s  

The values of t h e  parameters c1 and c2 appearing i n  equation (C11) cor- 
responding t o  the  f u l l  l i n e  i n  f igu re  22 a r e  c1 = 10.63 (E) and 
c2 = -16,750' K f o r  carbonaceous chondrites.  For ordinary chondrites as rep- 
resented by t h e  dashed l i n e ,  c1 = 14.215 (m) and c2 = -26,700° K. The c a l -  
cu la t ions  i n  t h i s  r epor t  are based on t h e  p r o p e r t i e s  of carbonaceous 
chondrites, bu t  t h e  e f f e c t  on t h e  r e su l t s  of modifications of t h e  equilibrium 
vapor pressure  l a w  i s  considered i n  t h e  Resul t s  and Discussion sec t ion  and 
appendix D o  



APPENDIX D 

APPROXIMATE RELATIONS SHOWING EFFECTS OF CHANGES I N  ASSIGNED PARAMETERS 

The s e n s i t i v i t y  of t h e  ca l cu la t ions  t o  modifications of t h e  assigned 
parameters, considered i n  the R e s u l t s  and Discussion sec t ion ,  has been de ter -  
mined by approximation of equations (3) ,  (7) ,  and (8).  For that purpose, it 

t o  u t i l i z e  approximate p ropor t iona l i t y  r e l a t i o n s  has been found advantageous 
i n  the  p lace  of complicated 

If the  r a t i o  T ~ ~ ~ / T ~ ~  
t r a j e c t o r y  f o r  each meteor, 

D i f f e ren t i a t ion  of equation 

expressions; 

i n  equation (3)  i s  considered constant along t h e  
equation (3) can be approximated by 

m = -  
OP I- 

Equations (D2) and (D1) lead t o  

(3) w i t h  respec t  t o  time y i e l d s  

Let us consider a ca l cu la t ion  based on values of t h e  assigned parameters 
d i f f e r e n t  from those used t o  compute m. The r e su l t i ng  values of mass m, 
along the  t r a j e c t o r y  of a meteor w i l l  d i f f e r  from the  values of m computed 
w i t h  t h e  parameters assigned according t o  t a b l e  I. Equation ( D 3 )  w i l l  s t i l l  
apply, however, i n  t h e  form 

The values of t h e  r a t i o  
e t e r s  since they a r i s e  d i r e c t l y  from t h e  input quan t i t i e s  (h ,  V, ?, m ) taken 
from reference 5 .  
y i e l d s  

fil/m, a r e  unchanged by t h e  reassignment of param- 

Therefore, dividing t h e  last r e l a t i o n  by equation t D 3 )  

!k.% 
m m 

This can be expressed as t h e  p ropor t iona l i t y  r e l a t i o n  

& a m  ( D 4 )  

which app l i e s  with respec t  t o  va r i a t ions  of t h e  assigned parameters. 
t h e  computed value of rfi 
w i l l  change by t h e  same f r a c t i o n a l  amount as the computed value of mass 
changes due t o  a reassignment of parameters. 

T h a t  i s ,  
on a po in t  of t h e  t r a j e c t o r y  of a p a r t i c u l a r  meteor 
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For s m a l l  v a r i a t i o n s  of pms o r  pmf' from t h e i r  assigned values,  t h e  
f a c t o r  

pm - 4nf 
pms - pmf 

Y =  

appearing i n  equation (7) i s  approximately propor t iona l  t o  a product of powers 
of PmJ PmsJ and Pmf' 

where C i s  a constant.  Variations of pm from i t s  computed value must be 
considered because of t h e  e f f e c t  of changes i n  pms or p d  
The operation aZn(y)/ap, 
rearrangement leads  t o  

i n  other equations. 
performed on both s ides  of t he  las t  equation and 

4n 
pm - pmf 

a =  

Evaluating t h e  r i g h t  s ide  a t  the  t y p i c a l  vdlues 
pmf = 0.1 g/cm3 y i e l d s  
t i o n  w i t h  respect t o  
and c = -8/27. Since the  i n i t i a l  computed value of 4n can d i f f e r  from 0.4, 
t h e  exponents b and c have been s impl i f ied  t o  -1 and -l/3. Therefore, t h e  
following approximate p ropor t iona l i t y  i s  a r r i v e d  a t  

= 0.4 g/cm3 and 
a = 4/3. S imi la r ly ,  p a r t i a l  logarithmic d i f f e r e n t i a -  

bs and 4nf with pms = 2.8 g/cm3 leads  t o  b = -28/27 

For changes i n  
t h e  e r r o r  i n  t h i s  approximation i s  less than  20 percent ,  although each of t h e  
q u a n t i t i e s  on t h e  two s ides  changes by as much as a f a c t o r  of 3. 
inaccuracies a r i s e  only when 4n approaches 4nf 
changes by an order of magnitude. 
t i o n  of any assigned parameter. The f a c t o r s  
out of t h e  r i g h t  s ide  of equation (D5) i f  we wished t o  consider t h e  e f f e c t s  of 
va r i a t ions  of other assigned parameters while holding pms and pd f ixed .  I n  
c o n t r a s t ,  t h e  f a c t o r  p;l3 could not be dropped f o r  any case because pm i s  a 
computed quant i ty  r a t h e r  than  an  assigned quant i ty .  

pm, pms, or pmf' by a f a c t o r  of 2 from t h e i r  i n i t i a l  values,  

Gross 
such that the  l e f t  s ide  

4;l; and &'I3 could be dropped 
Equation (D5) app l i e s  with respect t o  var ia -  

From t h e  machine ca l cu la t ions  it has been ascer ta ined  t h a t  t he  term i n  
i s  o rd ina r i ly  small compared t o  the  f i r s t  term equation (7) containing 

containing A .  I n  that case the  approximate p ropor t iona l i t y  r e l a t i o n  
r jm 

-2 -1 119 213 -119 113 
ws cc *rsSF Pm pms pmf 

can be  derived from equation (7) with the  a i d  of equations ( D 4 )  and (DS). 

Equation (8) leads  t o  the  p ropor t iona l i t y  
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where 

The f a c t o r  (pV2)-” need not be r e t a ined  f o r  va r i a t ions  of t he  type under con- 
s ide ra t ion  since it depends only on t h e  input da ta  (h,  V, 6, ml) and would not 
be a f f ec t ed  by changes i n  any assigned parameter. 
small compared t o  ws so t h a t  t h e  r e l a t i o n  

Also, 6 i s  o rd ina r i ly  

3 -1 -112 -113 113 
a ArnSF m pm FCF 

can be derived from equation (D7). 

Subs t i tu t ing  equation ( D 6 )  i n t o  t h e  last equation and rearranging it 
y i e l d s  

m4/3p~spI;Lf1’3 a S$L&C~FS$/~ 

Further rearrangement leads  t o  t h e  r e l a t i o n  

A l l  q u a n t i t i e s  appearing i n  t h i s  expression a r e  assigned parameters 
except m, CF, and F which a r e  computed, bu t  a l s o  depend on add i t iona l  
assigned parameters. However, it can be shown that CF and F a r e  r a r e l y  sen- 
s i t i v e  t o  changes i n  t h e  assigned parameters contained e x p l i c i t l y  i n  equa- 
t i o n  (Dg). can be dropped from equation (Dg) f o r  pur- 
poses of considering such va r i a t ions .  The e f f e c t  of changes i n  t h e  assigned 
parameters contained i n  CF and F can be considered separa te ly  by omitting 
a l l  f a c t o r s  except I n  other words, equation (w) can be fac tored  
i n t o  t h e  two r e l a t i o n s  

Therefore, CF and F 

CF and F. 

and 

by v i r t u e  of an approximate independence of t h e  two f a c t o r s  with respec t  t o  
t h e  types of va r i a t ions  of assigned parameters under consideration. 

The nature of t h e  approximation can be understood by considering a var ia -  
t i o n  of Arn. According t o  equation ( D l O ) ,  t h i s  would change t h e  computed 
values of m, which would change t h e  r a d i i  r n  and r i n  equation ( C 3 ) ,  so 
t h a t  
Therefore, s t r i c t l y ,  CF depends on m and should be re ta ined  i n  equa- 
t i o n  (m)  which would inva l ida t e  equation (D10). However, equation ( C 3 )  shows 
that C H ~ ~  depends on m1I6 ( s ince  rn a m1I3) i f  w e  exclude t h e  few cases 
where the  exponential  term causes a stronger coupling. Therefore, an accura te  
evaluation with CF 
from t h e  r e s u l t  obtained by exc lud ing l i t ,  except poss ib ly  f o r  a few p o i n t s  on 

C H ~ ~  and CF evaluated by equations ( C l 3 )  and ((214) would be a l t e r e d .  

included i n  equation (D10) would d i f f e r  only s l i g h t l y  

I -  



t h e  t r a j e c t o r i e s  of a small number of meteors. The s t a t i s t i c a l  procedure 
would tend  t o  suppress t h e  e f f e c t  of t h e  exceptional cases i n  t h e  computed 
averages . 

The quant i ty  F i s  defined i n  equation (D8). For a p a r t i c u l a r  meteor, 
F depends only on t h e  stagnation-point temperature T and the  assigned 
parameters contained i n  t h e  ma te r i a l  p roper ty  l a w s .  
depends on t h e  other computed q u a n t i t i e s  such as m only through t h e i r  e f f e c t  
on T. 
t h a t  t h i s  dependence i s  weak. Therefore, omitting F from equation (D10) i s  
not expected t o  cause ser ious  e r r o r  i n  t h e  cons idera t ion  of t h e  e f f e c t s  of 
va r i a t ions  of t h e  assigned parameters Arn, Ars, SF, hs, and 4nf. If we wish 
t o  consider t h e  e f f e c t  of v a r i a t i o n  of only one of t h e  assigned parameters i n  
equation ( D l O ) ,  t h e  o thers  can be omitted from that equation s ince  they are t o  
be held f ixed  i n  t h e  va r i a t ion .  For that reason, equation ( D 1 1 )  follows from 
equation (D9) under t h e  condition t h a t  t h e  assigned parameters Arn, A r s ,  SF, 
pms, and pmf 

I n  o ther  words, F 

But it can be seen from equation ( C 2 )  and t h e  discussion t h e r e a f t e r  

a r e  t o  be held f ixed .  

The der iva t ion  of equations ( D 1 0 )  and ( D 1 1 )  i s  based on t h e  assumption 
t h a t  t he  s tagnat ion  temperature T i s  approximately independent of va r i a t ions  
i n  the  assigned values of geometric parameters. This means t h a t  T i s  
assumed t o  depend only on input q u a n t i t i e s  and assigned parameters appearing 
i n  t h e  aerodynamic and ma te r i a l  p roper ty  l a w s .  T h a t  dependence w i l l  be con- 
sidered e x p l i c i t l y  so t h a t  equation ( D 1 1 )  can be in t e rp re t ed  i n  terms of var ia -  
t i o n s  of t he  assigned parameters. However, it i s  worth noting a t  t h i s  po in t  
t h a t ,  by v i r t u e  of t he  approximations employed, t h e  values of mass computed 
have been found t o  depend only on t h e  assigned parameters contained i n  t h e  
a b l a t i o n  model. Within the  accuracy of t h e  approximations of t h i s  appendix, 
t h e  values of mass do not depend on t h e  luminosity and dynamic equations. 

The r e l a t i o n  
-1 
OP m a 7  

follows from equation ( D l ) .  
equation (16)  of t h e  Results and Discussion sec t ion .  Again, it i s  worth 
noting t h a t  wi th in  t h e  accuracy of t h e  approximations of t h i s  appendix ne i ther  
t h e  mass nor t h e  luminous e f f i c i ency  f a c t o r  depends on t h e  dynamic equation. 
This means that values of t h e  luminous e f f i c i ency  f a c t o r  and mass computed by 
t h e  machine program a r e  expected t o  be in sens i t i ve  t o  e r r o r s  i n  the  acce lera-  
t i o n s  t h a t  may e x i s t  i n  t he  reduced meteor da ta  used as input.  The e f f e c t  of 
such e r r o r s ,  i f  p resent ,  would be confined l a r g e l y  t o  the  computed values of 
mean meteoroid density.  

Subs t i tu t ing  t h i s  i n t o  equation ( D 1 0 )  l eads  t o  

I n  order t o  determine t h e  e f f ec t  on t h e  mass and the  luminous e f f i c i ency  
f a c t o r  of changes of t h e  assigned parameters i n  t h e  aerodynamic and material 
proper ty  l a w s ,  a f u r t h e r  ana lys i s  of t.he quant i ty  F 
i s  needed. The f i r s t  s tep  i n  t h i s  procedure i s  t o  determine how changing 
these  parameters a f f e c t s  t he  computed stagnation-point temperature. 

defined i n  equation (D8) 

The term EOT* i n  equation (c2) i s  o rd ina r i ly  small compared t o  t h e  
other terms. If it i s  omitted, t h e  temperature can be evaluated i n  two s teps :  



(1) The vapor pressure  pvc i s  determined by equations ( C 2 )  t o  (C10). The 
subscr ip t  c i s  intended t o  ind ica te  that the  vapor pressure under considera- 
t i o n  i s  computed from t h e  aerodynamic r e l a t i o n s  and does not depend on t h e  
assignment of parameters i n  t h e  equilibrium vapor pressure l a w .  (2) The value 
of pvc 
ture T from equation (C11). For that purpose, equation (C11) can be 
rearranged i n  t h e  form 

from t h e  f i rs t  s tep  i s  used t o  determine t h e  stagnation-point tempera- 

c 1 +  

Let us consider t h e  e f f e c t  on 
the  subscript  b r e f e r  t o  t h e  base 
values i n  t a b l e  I. The r e l a t i o n  

T of va r i a t ions  i n  c1 or pvc and l e t  
values corresponding t o  t h e  assigned 

p vc c2b + log - c1 + - - - 'ib +c 2b 
T pvb 

i s  obtained by combining two equations of t he  above form and ind ica t e s  the  
e f f e c t  on T of changes i n  c1 or pVc. Rearrangement leads  t o  t h e  equation 

Since T w i l l  
used f o r  both 
t h e  value c2b 

(Tb - p vc - c1 + log  - = c lb  
Tb pvb 

C2b 

not d i f f e r  g r e a t l y  from 
Tb and T 
= -16,750 from t a b l e  I as w e l l ,  t h e  r e l a t i o n  

'$,, a t y p i c a l  value of 2,400° K can be 
i n  t h e  denominator on t h e  l e f t .  Upon i n s e r t i o n  of 

can be a r r ived  a t .  

The las t  expression ind ica t e s  t ha t  i f  t he  equilibrium vapor pressure l a w  
(eq .  ( C 1 1 ) )  i s  modified so  tha t  the  l e v e l  of vapor pressure a t  a given tem- 
pera ture  i s  higher by a f ac to r  of 10 (e1 = c lb + 1) , t he  computed temperatures 
w i l l  a l l  be decreased 340° K. The expression a l s o  ind ica tes  tha t  i f  t h e  value 
of pvc computed from the  aerodynamic r e l a t i o n s  i s  increased by a f a c t o r  of 
10 the  computed temperature w i l l  increase 340° K .  It can be seen t h a t  reason- 
ab le  reassignments of t h e  parameters i n  t h e  aerodynamic l a w s ,  equations (C2) 
t o  ( C l O ) ,  lead t o  changes i n  
This would change t h e  computed temperatures about 100' K .  
due t o  a l t e r a t i o n s  of o ther  computed q u a n t i t i e s  such as m or r a r e  
o rd ina r i ly  much l e s s  than  a f a c t o r  of 2 .  

pvc by a f a c t o r  of order 2 r a the r  than 10. 
Changes i n  pvc 

It w i l l  be seen that a change of looo K leads  t o  a modification of about 
30 percent i n  the  computed values of t h e  luminous e f f i c i ency  f a c t o r .  There- 
fo re ,  we s h a l l  drop t h e  consideration of e f f e c t s  of modifications other than  
the  l e v e l  of t he  equilibrium vapor pressure  l a w  ( the  value of 
the last  expression as 

c,) and rewr i te  



where Clb - c has been replaced by log(pvb/pv) f o r  no ta t iona l  convenience. 
This r e l a t i o n  w i l l  be used t o  evaluate t h e  temperature appearing i n  the  
quant i ty  F. 

Subs t i tu t ing  equation (B11) i n t o  (D8)  y i e l d s  

- T , ) ~ G ( T )  
F = (j-Fp -1 e - i /T (T  

The func t ion  G(T) defined i n  equation ( B l 3 )  can be approximated by 

(?? 
G(T) =” 

so  that 

The dependence of F on a l l  q u a n t i t i e s  except i i n  t h e  above expression can 
be approximated by 

f o r  small deviations of t h e  assigned parameters or T from t h e i r  base values. 
The q u a n t i t i e s  b and TA a r e  constants t o  be evaluated and C i s  a propor- 
t i o n a l i t y  constant. If p a r t i a l  der iva t ives  with respec t  t o  Tf and T of t h e  
logarithms of t h e  las t  two expressions f o r  F a r e  equated and evaluated a t  
the  t y p i c a l  values 
b = 0.25 and TA = 292’ K. 
y i e l d s  t h e  p ropor t iona l i t y  r e l a t i o n  

T = 2,400° K, Tf = 1,8000 K, i = 14,800~ K, one f i n d s  
Subs t i tu t ing  these  i n t o  t h e  l as t  expression f o r  F 

Using t h i s  expression i n  equations (D11) and (D12) shows t h a t  a change i n  tem- 
pera ture  T - Q = looo K leads  t o  l e s s  than  a 30-percent change i n  -rope 

SubstFtuting equation ( D l 3 )  i n t o  (D14) replaces t h e  temperature dependent 
exponential f a c t o r  wi th  t h e  f a c t o r  (pvb/pv)00505. Since the  t y p i c a l  value of 
T used i n  t h e  de r iva t ion  i s  not exact,  t h e  exponent 0.505 can be replaced by 
1/2. Also, t h e  base vapor pressure  pvb corresponding t o  t h e  assigned param- 
e t e r s  i n  t a b l e  I can be dropped from t h e  p ropor t iona l i t y  r e l a t i o n  since it 
does not depend on any reassigned parameters. The r e s u l t i n g  p ropor t iona l i t y  
r e l a t i o n  f o r  F i s  



Subs t i tu t ing  equation (D15) i n t o  ( D 1 1 )  y i e l d s  

This expression contains only assigned parameters except f o r  t h e  t angen t i a l  
fo rce  coe f f i c i en t  
i n  CF due t o  changes i n  computed quant i t ies ;  CF i s  included t o  ind ica t e  t h e  
e f f e c t  of poss ib le  e r r o r s  i n  t h e  assigned parameters t h a t  a f f e c t  i t s  value 
such as the  constant C i n  equation ( C 3 ) .  The symbol pv has been used here 
i n  p lace  of loc1, which appears i n  the  equilibrium vapor pressure  l a w  
(eq. ( C 1 1 ) )  and i s  hence an assigned parameter. 
i n t o  ( ~ 1 6 )  leads  t o  equation (17) of t h e  t e x t .  

CF and pv-  A s  discussed earlier, we  shall neglect changes 

Subs t i tu t ing  equation (D12) 

Additional approximate analyses and machine ca l cu la t ions  have been made 
t o  determine the  e f f e c t s  of changes i n  the  parameters c2 and i appearing i n  
t h e  v i scos i ty  and vapor pressure  l a w s .  Such va r i a t ions  were found t o  be 
approximately equivalent t o  changes i n  t h e  parameters 
above except f o r  an a d d i t i o n a l  constant sh i f t  i n  t h e  stagnation-point tempera- 
t u r e .  Machine ca l cu la t ions  were a l s o  made w i t h  d i f f e r e n t  values of t he  
parameters appearing i n  equations (C2) through (Cg), such as E ,  Cv,  and C m s .  
For changes by as much as a f a c t o r  of 2, t he  e f f e c t s  on m and T were l e s s  
than  30 percent as an t i c ipa t ed  i n  t h e  discussion preceding equation ( D l 3 ) .  

C p  and pv considered 

?P 

Results from t h e  approximations of t h i s  appendix a r e  compared with 
r e s u l t s  from machine ca l cu la t ions  i n  t h e  Results and Discussion sec t ion .  The 
comparisons show that the  approximations a r e  reasonably accurate i n  the  pre- 
d i c t i o n  of t he  e f f e c t s  of reassignment of a l l  parameters except the  f r o t h  den- 
s i t y  pmf. Considerable in s igh t  i n t o  the  problem under inves t iga t ion  i s  
thereby afforded by t h e  approximations as summarized i n  equations (16) and 
(17) of the  t e x t .  How reassigning parameters a f f e c t s  computed quan t i t i e s ,  
such as mass, mean meteoroid dens i ty ,  or stagnation-point surface temperature, 
can be deduced from formulas contained i n  t h i s  appendix. 
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APPENDIX E 

INTENSITY LClG EFFECT 

Relationship Between -rope and -rap 

Equation (19) can be r ewr i t t en  i n  terms of t h e  known quan t i t i e s  

where 
which t h e  values of mass m l  published i n  reference 5 are based. With t h e  
assumption that -rope 
of equation ( E l ) ,  equation (19) can be wr i t t en  

-rOpl i s  t h e  assumed constant value of luminous e f f i c i ency  f a c t o r  upon 

i s  constant along t h e  t r a j e c t o r y  and upon s u b s t i t u t i o n  

For small 8, m l ( t  + 8) can be approximated by 

m,( t  + e )  = m l ( t )  + e i , ( t )  

and subs t i t u t ing  t h i s  i n t o  equation (E2) y i e l d s  

m ( t )  = - Top 1 m l ( t ) ( l  + BO $J 
Top c 

Di f f e ren t i a t ing  and combining equations (18) and ( E l )  l e a d s  t o  t h e  
r e l a t i o n  . Top & ml = - 

Top 1 

If T~~ 
j ec tory  so t h a t  T~~ 

with equation ( E l )  y i e l d s  

i n  equation (18) i s  taken t o  be approximately constant along a tra- 
can be taken outside t h e  i n t e g r a l ,  combining t h e  r e s u l t  

ml = - 
Top1 

Subs t i tu t ing  equations (E5) and (E6) i n t o  (E4) l eads  t o  the  approximate 
r e l a t i o n  

which i s  equation (20) of t he  t e x t .  
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Lag Time 

An equation f o r  t h e  rate of a b l a t i o n  of f r o t h  p a r t i c l e s  i n  t h e  wake can 
be wr i t t en  

1 C$v3 Af 
(E71 1 dmf 

mf d t  2 5 9  
- - = - - - -  

Subs t i tu t ing  equations (4)  and (5) leads t o  

am, 
-Kf 

-213 __ = 
mf d t  

where 

(1/2) cHPv3sF 
Kf = 

5&3 

The in t eg ra t ion  of equation (E8)  wi th  Kf considered constant y i e l d s  

This r e l a t i o n  ind ica t e s  t h a t  t h e  f r o t h  p a r t i c l e  would ab la t e  t o  nothing i n  a 
time 

Subs t i tu t ing  equation (Eg) y i e l d s  

which i s  equation 

According t o  
meteoric mater ia l  

(21) of t he  t e x t .  

reference 3, chapter 6, under a i r  pressure ,  l iquef ied  
will break up i n t o  drops of rad ius  

surface tens ion .  I n  reference 15, t h e  numerical value 2.6 _ .  
i s  used i n  place of 4.8 i n  the  above expression t o  ind ica te  inc ip i en t  disrup- 
t i o n  of a t e k t i t e  drop. A value of t h e  surface tens ion  

-rS = 0.36 kg/sec2 

i s  used f o r  stone or  pumice i n  reference 24. 
vaporization f o r  drops of t he  above s i ze  or smaller. Therefore, t h e  spec i f i c  
hea t  of ab la t ion  5 i n  equation (21) should be taken equal t o  tv f o r  such 
drops. 

Ablation can occur only by 
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Subst i tut ing 
4 
3 m2 = - npdrf 

and the  shape f a c t o r  f o r  a sphere 

i n t o  equation (21) leads  t o  

Evaluating t h i s  with 
V = 2X104 m/sec, CH = 1 yie lds  

Cv = 8 . 5 1 ~ 1 0 ~ ,  pmf = 100 kg/m3, -rs = 0.36 kg/sec2, 

ez = o .0235x( 

which i s  equation (25) of t h e  t e x t .  

A t  an e a r l y  p a r t  of t he  t r a j e c t o r y  of meteor 4464 of reference 5 t h e  
impact pressure and ve loc i ty  were 

pV2 = 3400 N/m2 

v = 2 x 1 0 ~  m/sec 

Under these conditions and with the  above value of surface tension, 
equation (El2) i nd ica t e s  

rz  = 5.1~10-~ meter 

The corresponding values of mass m2 and 8 2  a r e  indicated i n  the  t e x t .  

For s o l i d i f i e d  f r o t h  p a r t i c l e s ,  an estimate of t he  i n i t i a l  mass mfo i s  
needed t o  determine 8f from equation (21 ) .  The f a i n t e s t  meteors described 
i n  reference 20 show f luc tua t ions  i n  t he  l i g h t  curves a t  a r a t e  of about 15 
f luc tua t ions  per  second. 
l o ses  mass a t  about t h e  r a t e  of 4.5X10-4 kg/sec. 
a t t r i b u t e d  t o  sloughing of f r o t h  p a r t i c l e s ,  t he  mass per  p a r t i c l e  would be 
ab out 

According t o  the  method o f  t h i s  r epor t ,  meteor 4464 
If a l l  the  ab la t ion  i s  

mfo = 3X10-5 kg 

Evaluation of equation (21) with mfo = 3X10-5 kg and 5 = 5, y i e lds  

8 = 0.42 sec (vaporization dominant) 

which i s  somewhat high compared t o  the  value of t h e  product B 8  = 0.2 second 
obtained f o r  meteor 4464. Use of the viscous f l o w  equations derived i n  appen- 
d ix  B leads t o  t h e  conclusion that, f o r  p a r t i c l e s  of t he  s ize  and composition 
under consideration, ab la t ion  w i l l  occw l a rge ly  by l i q u i d  run off r a the r  than 
by evaporation. I n  t h a t  case the  spec i f ic  heat  of ab la t ion  i n  
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equation (21) would be c lose r  i n  value t o  
computed lag  time i s  

(f than Cv.  The r e su l t i ng  

ef = 0.092 sec ( l i qu id  ab la t ion  dominant) 

Fragmentation of t he  f r o t h  p a r t i c l e s  may a l s o  p lay  a r o l e  i n  producing a 
higher r a t e  of vaporization of the  p a r t i c l e s  i n  the wake than that occurring 
d i r e c t l y  from the  parent  meteoroid. 

The dependence of Bf on pV3 i s  found by subs t i t u t ing  5 = 1.884xlO6, 
p d  = 100 kg/m3, mfo = 3X10-5 kg, CH = 1, SF = (9"/16)1/3 i n  equation (21) t o  
obtain 

gf = o .063x1o8/pv3 

which i s  equation (24) of t h e  t e x t .  

Lag Distance 

A dynamic equation fo r  t he  f r o t h  p a r t i c l e s  similar t o  equation (2 )  can be 
wr i t ten  

1 A f 
9 

tf = - - cDpv2 - 2 

Since the  combination Cfi /mf i s  la rger  f o r  t he  f r o t h  p a r t i c l e s  than f o r  t h e  
parent meteoroid, they would be expected t o  l ag  behind once they were f r e e  of 
t h e  pro tec t ion  of t he  stream i n  t h e  immediate wake. According t o  W .  A .  Page 
of Ames Research Center, t h i n  p l a s t i c  disks  have been observed t o  overtake and 
bump models of smaller C+/m i n  f r e e - f l i g h t  t e s t s .  Thus it i s  possible  that 
during decelerat ion an accumulation of f r o t h  bui lds  up behind the  parent  
meteoroid. However, we assume that f r o t h  p a r t i c l e s  can a l s o  escape i n t o  unpro- 
tec ted  regions of t he  wake due t o  bumping or other dispers ive inf luences.  I n  
that case , they w i l l  acce le ra te  away from t h e  parent  meteoroid approximately 
a t  the  r a t e  

If A$* i s  taken t o  be constant ,  the  separat ion dis tance i s  

1 2 

2 
All = - AGf( t  - to) 

and a t  a t i m e  t - to = 9 w i l l  amount t o  

Subst i tut ing t h e  above expression fox and using equation (Eg)  t o  
remove pV2 leads t o  

& = - - -  1 %'e 
2 m1/3 c ~ v  

fo 



Subs t i tu t ing  equation ( E l l )  t o  remove Kf y ie lds  

which i s  equation (22) of t he  t e x t .  An expression f o r  AL with a numerical 
fac tor  of 3 r a the r  than 3 / 2  can be derived by considering t h e  v a r i a b i l i t y  of 
Af/mf i n  equation (E14) ra ther  than s e t t i n g  it equal t o  S ~ / ( p m f  mfo ) .  How- 
ever, t h i s  value would be reduced if the  smaller values of 
p a r t  of t he  ab la t ion  process were taken i n t o  account. Therefore, we have used 
the  above numerical value of 3/2 for estimating t h e  l ag  dis tance.  

213 113 

pV2 a t  the  ea r ly  
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WI;E I .- ASSUMED VALUES OF CONSTANTS AND PARAMF,TEBSa 

-~ - 

3,076" 4,464" 6,949" 7,161" 7,216" 7,272" 1 
8,447 8,469 8,726 8,766" 8,881" 8,891 
8,945 8,990 9,015" 9,030 9,170 9,416" 
9,880 9,888" 9,900 9,917 10,070a 10,094 

10,240 10,358 10,384" 10 ,414~  10,439 10,447 
11,825 11,856 11,973 12,342 12,361 12,363 
12,399 12,504" 12,577 12,714 

- 

Value, 
MKS Quantity I 

1 .o 
0.874 

0.94p<lO'~ 
10.63 

-16,750 

1 525X10-' 
14,800 

2 .o 
0 03985 

1.919 
1785 

0.3 
0.6 

9 
100 

2,800 
0.1 

1 . 8 8 4 ~ 1 0 ~  
8 . 3 1 ~ 1 0 ~  

0.15 

0.15 

Name 

Shape parameter 
Shape parameter 
Heat-transfer parameter 
Parameter i n  vapor pressure l a w  
Parameter i n  vapor pressure l a w  
Parameter i n  energy equation 
Parameter i n  viscosi ty  l a w  
Parameter i n  viscosi ty  l a w  
Thermal conductivity 
Molecular weight 
Heat-transfer parameter 
Shape f a c t o r  
Fusion temperature 
Heat-transfer parameter 
Radiative emissivity 
Density r a t i o  f o r  normal shock 
Froth dens i ty  
So l id  density 
Heat-transfer parameter 
Specific heat of fusion 
Specific heat of vaporizat ion 
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